Effective relaying mechanisms in future device to device communication : a thesis presented in partial fulfilment of the requirements for the degree of Doctor of Philosophy in School of Food and Advanced Technology at Massey University, Palmerston North, New Zealand by Zaidi, Syeda Kanwal
Copyright is owned by the Author of the thesis.  Permission is given for 
a copy to be downloaded by an individual for the purpose of research and 
private study only.  The thesis may not be reproduced elsewhere without 
the permission of the Author. 
 
EFFECTIVE RELAYING
MECHANISMS IN FUTURE DEVICE
TO DEVICE COMMUNICATION




School of Food and Advanced Technology








1.1 Rationale of the Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 Research Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.3 Research Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.4 Scope and Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.5 Research Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.6 Related Publications and Awards . . . . . . . . . . . . . . . . . . . . . . 10
1.7 Thesis Structure and Outline . . . . . . . . . . . . . . . . . . . . . . . . 12
2 Evaluating the Ergodic Rate in SWIPT-Aided Hybrid NOMA 13
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2 Preliminaries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2.1 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2.2 SWIPT based Transmission Model . . . . . . . . . . . . . . . . . 15
2.3 Performance Analysis: Ergodic Rates . . . . . . . . . . . . . . . . . . . . 17
2.3.1 Downlink Ergodic Rate . . . . . . . . . . . . . . . . . . . . . . . 17
2.3.2 Uplink Ergodic Rate . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.4 Observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
Appendices 23
A DRC 16 Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
ii
3 Two-Way SWIPT-Aided Hybrid NOMARelaying for Out-of-Coverage
Devices 25
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.1.1 Related Works and Motivation . . . . . . . . . . . . . . . . . . . 26
3.1.2 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.1.3 Organisation and Notations . . . . . . . . . . . . . . . . . . . . . 28
3.2 The System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.2.1 Wireless Powered NOMA Relays (WPNR) . . . . . . . . . . . . . 29
3.2.2 Channel Model Description . . . . . . . . . . . . . . . . . . . . . 30
3.3 Operation Modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.3.1 Downlink Transmission . . . . . . . . . . . . . . . . . . . . . . . 30
3.3.2 Uplink Transmission . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.4 Performance Analysis of the system . . . . . . . . . . . . . . . . . . . . 33
3.4.1 Outage Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.4.2 System Throughput . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.4.3 Rate Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.5 Numerical Results and Discussion . . . . . . . . . . . . . . . . . . . . . . 37
3.5.1 Effect of Transmit Power . . . . . . . . . . . . . . . . . . . . . . 37
3.5.2 Effect of distance and transmission angle . . . . . . . . . . . . . 41
3.5.3 Uplink and Downlink Transmission . . . . . . . . . . . . . . . . . 43
3.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
Appendices 46
A Proof of Proposition 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
B Proof of Proposition 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
C Proof of Proposition 5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
D Proof of Proposition 6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
E DRC 16 Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4 Outage Analysis of Ground-Aerial NOMA with Distinct Instanta-
neous Channel Gain Ranking 54
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4.1.1 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.2 System Model and Assumptions . . . . . . . . . . . . . . . . . . . . . . . 59
4.3 Transmission Theoretic Model . . . . . . . . . . . . . . . . . . . . . . . . 61
4.3.1 NOMA-based Model . . . . . . . . . . . . . . . . . . . . . . . . . 61
4.3.2 OMA-based Model . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.4 Performance Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.4.1 Downlink Transmission . . . . . . . . . . . . . . . . . . . . . . . 64
iii
4.4.2 Uplink Transmission . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.5 Numerical Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.5.1 Instantaneous Distinct Signal Power Assumption . . . . . . . . . 69
4.5.2 Downlink Transmissions . . . . . . . . . . . . . . . . . . . . . . . 72
4.5.3 Uplink Transmissions . . . . . . . . . . . . . . . . . . . . . . . . 76
4.6 Conclusion and Future Work . . . . . . . . . . . . . . . . . . . . . . . . 79
Appendices 81
A Proof of Corollary 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
B Proof of Theorem 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
C Proof of Theorem 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
D Proof of Theorem 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
E Proof of Theorem 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
F DRC 16 Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5 Conclusion and Future Directions 90
5.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.2 Future Research Directions . . . . . . . . . . . . . . . . . . . . . . . . . 92
5.2.1 Extension of WPNRs on a large scale network . . . . . . . . . . 92




3.1 Communication Slots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.2 Important Symbols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.3 Simulation Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.1 Simulation Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
v
List of Figures
1.1 Generations of Wireless Communications [1]. . . . . . . . . . . . . . . . 2
1.2 Key technologies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3 An Illustration of Device to Device Relaying [2]. . . . . . . . . . . . . . 6
2.1 Transmission Block Structure. . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2 System Ergodic Rate vs SNR, βe = αd = 0.5. . . . . . . . . . . . . . . . 21
2.3 Downlink and Uplink Rate with variable βe. . . . . . . . . . . . . . . . . 21
2.4 Uplink Rate with variable βe and αd, SNR= 30 dB. . . . . . . . . . . . 22
A.1 DRC 16 -Chapter 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.1 Proposed System Model for Hybrid NOMA with SWIPT. . . . . . . . . 29
3.2 Downlink Outage Probability . . . . . . . . . . . . . . . . . . . . . . . . 39
3.3 Uplink Outage Probability . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.4 System Throughput-delay-limited transmission mode. . . . . . . . . . . 41
3.5 Ergodic Rate- Delay-tolerant transmission mode . . . . . . . . . . . . . 42
3.6 Effect of distance and transmission angle on rate . . . . . . . . . . . . . 43
3.7 Ergodic Rate with varying SNR and ρ. . . . . . . . . . . . . . . . . . . . 44
E.1 DRC 16 -Chapter 3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.1 System Model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.2 Impact of αg on IDSPg with md = 2, RD = RG = 50m,hd = 50m. . . . 70
4.3 Impact of RG on IDSPg with md = 2,RD = 50m,αd = 2.05, hd = 50m. 71
4.4 Impact of RD on IDSPd with md = 2,RG = 50m,αg = 2, hd = 50m. . . 71
4.5 Impact of hd on IDSPg with αd = 2.05, αg = 2. . . . . . . . . . . . . . . 72
4.6 Outage of user d and user g in DL transmission, βSIC = 0.1. . . . . . . . 73
4.7 Outage of user d and user g in DL transmission vs. Power allocation,
βSIC = 0.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.8 Comparison of Outage of user d and user g in DL transmission with
baseline scheme. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
vi




T = 0.1 bps, and R
xg
dl
T = 0.5 bps. . . . . . . . . . . . . . . . . . . 75
4.10 Outage Probability of user d vs. hd, αd = 2.05, αg = 1.992, βSIC = 0.1. . 75
4.11 Downlink System Throughput (NOMA vs. OMA), hd = 50m, md = 2,
βSIC = 0.1 R
xddl
T = 0.1 bps, and R
xg
dl
T = 0.5 bps. . . . . . . . . . . . . . . 76
4.12 Outage of user d and user g in UL transmission, βSIC = 0.1. . . . . . . . 77
4.13 Comparison of Outage of user d and user g in UL transmission with
baseline scheme. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.14 Outage of user d and user g vs. αg, αd = 2.05, βSIC = 0.1, md = 2,
hd = 50m, R
xdul
T = 0.01 bps, and R
xg
ul
T = 0.1 bps. . . . . . . . . . . . . . . 78






T = 0.1 bps. . . . . . . . . . . . . . . . . . . . . . . . . . . . 78






T = 0.1 bps. . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
F.1 DRC 16 -Chapter 4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
vii
Abstract
Future wireless networks embrace a large number of assorted network-enabled devices
such as mobile phones, sensor nodes, drones, smart gears, etc., with different applica-
tions and purpose, but they all share one common characteristic which is the depen-
dence on strong network connectivity. Growing demand of internet-connected devices
and data applications is burdensome for the currently deployed cellular wireless net-
works. For this reason, future networks are likely to embrace cutting-edge technological
advancements in network infrastructure such as, small cells, device-to-device communi-
cation, non-orthogonal multiple access scheme (NOMA), multiple-input-multiple out,
etc., to increase spectral efficiency, improve network coverage, and reduce network la-
tency. Individual devices acquire network connectivity by accessing radio resources in
orthogonal manner which limits spectrum utilisation resulting in data congestion and
latency in dense cellular networks. NOMA is a prominent scheme in which multiple
users are paired together and access radio resources by slicing the power domain. While
several research works study power control mechanisms by base station to communi-
cate with NOMA users, it is equally important to maintain distinction between the
users in uplink communication. Furthermore, these users in a NOMA pair are able to
perform cooperative relaying where one device assists another device in a NOMA pair
to increase signal diversity. However, the benefits of using a NOMA pair in improving
network coverage is still overlooked. With a varierty of cellular connected devices, use
of NOMA is studied on devices with similar channel characteristics and the need of
adopting NOMA for aerial devices has not been investigated. Therefore, this research
establishes a novel mechanism to offer distinction in uplink communication for NOMA
pair, a relaying scheme to extend the coverage of a base station by utilising NOMA
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Each generation of cellular technology progressed to meet the burgeoning connectivity
demand. Coverage provision started at fixed locations for ground devices like phones
and advanced to aerial devices like unmanned aerial vehicles (UAVs). The earlier ana-
log first generation (1G) of mobile phone transited to the second generation (2G) with
the characteristic features of digital technology that increased the number of users per
channel and opened the way for basic data services. The changes in 2G began in
earnest with the widespread use of internet. Mobile phone technology made a sharp
move towards third generation (3G) which was not only capable of phone calls (voice
data), but also delivered internet and video services to devices like hand-held phones,
laptop, computers, and similar gadgets. In recent years, the purpose of the cell phone
has shifted from a verbal communication tool to a multimedia tool, often adopting the
name “smart phone” rather than being called a mobile phone. With the roll out of data
hungry applications on smart phones, cellular-network providers announced fourth gen-
eration (4G) which delivered ten times faster broadband speed. Long term evolution
(LTE), the standard technology of 4G, provides improved data rates to increased num-
ber of users than earlier generations of mobile communications. At present, availability
of cellular data on smart phones is pervasive, albeit at varying speeds and with different
cost levels. Quick technological advancements, the unveiling of increasingly intelligent
consumer-friendly devices, and a marked acceleration in people using the internet and
mobile devices worldwide provide compelling evidence that there is a significant need
to support future wireless communications [3]. The proliferation of technology savvy
devices has resulted in a deluge of digital traffic and there is an increased emphasis on
ubiquitous internet, greater connectivity, increased coverage and faster communication
between the devices which are expected to be delivered by fifth generation (5G). 5G has
been launched in the UK [4] and some countries of the European Union like Germany,
Spain and Italy by some telecommunication operators and is capable to handle 1000x
1
CHAPTER 1. INTRODUCTION 2
traffic than today’s networks and it would be 10x faster than 4G LTE [5]. Fig. 1.1 illus-
trates the progress of cellular communication networks along with the key technologies
introduced in each generation of mobile networks.
Figure 1.1: Generations of Wireless Communications [1].
There is need for faster, smarter, and more reliable data communication services
due to the storm of devices and users, and the nascent developments in medical-care,
industrial internet of things (IoT) applications, ground and aerial transport, agriculture
and farming, media, and entertainment industry. To deliver ubiquitous coverage and
support these use cases, 5G is expected to meet the challenge of peak data performance
and consistent user experience throughout the network. For the initial deployment of
5G, shared spectrum in the range of low frequencies 3.3-4.2 GHz is being used globally.
Below 6 GHz spectrum requires lower site density at the cost of narrower bandwidths
of about 100MHz per channel, and consequently peak throughput in the order of Gbps.
However to help realise 5G’s full potential in demanding cases, the allocation of new
spectrum in high frequency bands above 24GHz is necessary. High frequency spectrum
results in extra capacity but at the cost of greater propagation limits, while jeopardizing
the delivery of consistent coverage due to propagation characteristics.
Higher frequency bands deployment will not be able to provide same coverage as its
low frequency counterpart, consequently omnipresent coverage will be a necessity which
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will be obtained by network densification in future wireless networks. These dense net-
works with larger numbers of cells should maintain consistent user experience and the
quality of service should not be compromised at the edge of cells. Existing cellular net-
works deploy relay nodes to improve the coverage of the cell which increases operational
and capital expenditures of a cellular network operator. To lower the deployment cost,
a way forward is to utilise existing network devices to cooperate and act as relays. This
means that even after introducing new spectrum, there is a need to usher in improved
infrastructure, access mechanisms, and radio interfaces for improved user experience.
Hence not only new spectrum, but the synergies between different technologies, de-
ployment approaches and modes will contribute towards ubiquitous connectivity and
coverage in future networks. Nonetheless, when the devices communicate with each
other, they access radio resources. Provision of radio resources in current wireless net-
works is done orthogonally in time or frequency domain which limits network capacity.
The effective access mechanisms for a large number of devices with varied nature of
communication not only improve network capacity but also provide new avenues for
extending network coverage. In this work, we aim to exploit the effective schemes
for spectrally efficient communication and improved user experience in future wireless
networks.
The research methodology adopted in this work is widely practised in the discipline
of communication engineering. At first, the related literature was studied to get the
insights of the current state of the art. During the detailed study of the literature,
research on the available simulation tools was also done. It then followed the well
accepted practice of system modelling and theoretical analysis, supported by numerical
simulation.
The remainder of this chapter is organised as follows. Section 1.1 presents a pream-
ble and rationale of the research. In Section 1.2, motivation to study effective relaying
mechanisms is explained, followed by Section 1.3 on the objectives we aim to achieve.
We explain scope of work in Section 1.4. The research goals are then explained with
an identification of the contributions in Section 1.5. Publications generated from this
research work are listed in Section 1.6. Finally, the organisation of this dissertation is
presented in Section 1.7.
1.1 Rationale of the Study
Current cellular networks suffer from the issue of inconsistent user experience and
poor network coverage at the edge of a cell. In existing 4G LTE infrastructure, a
concept of fixed term relaying is introduced which involves the deployment of low-
power BSs, named as fixed relays, to assist the communication between a source and
a destination [6]. To lower the deployment cost of these extra relay nodes, existing
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network devices can be utilised for user cooperation, i.e, they can help BS in ferrying
data to cell edge users. This communication between the devices is a kind of device-
to-device (D2D) communication which helps in extension of cell coverage as well. D2D
communication is currently a part of 4G-LTE advanced networks and is envisioned
to evolve continuously into the future cellular networks to support a diverse range of
devices and applications with better speed, improved capacity, low power consumption
and stringent security [7]. D2D communication establishes link between digital devices
independently, without the involvement of the BS, therefore proximate devices can
directly communicate with each other. This short-range communication with nearby
devices brought out the concept of device relaying. Device relaying makes it possible
for devices in a network to function as transmission relays for each other and realize a
massive adhoc mesh network [8].
Radio Spectrum is expensive and scarce and must be utilised efficiently. For serving
a massive future networks with ever-increasing data traffic levels, it is important to
provide superior spectral access mechanisms to accommodate a large number of devices
thereby enhancing the spectral efficiency. Apart from invoking D2D technique to extend
coverage of a wireless network, another emerging idea is non-orthogonal multiple access
(NOMA), which is able to address the spectral efficiency enhancement issue, on the
standpoint of realizing a new power dimension for multiple access [9]. NOMA is a
channel access scheme which allows more than one user in a single time/frequency
band by varying power levels to acquire channel for transmission [10]. In this scheme,
users are paired together to access the channel after acquiring distinguished power
levels or distinct codes from transmitter’s end in downlink communication. However,
in uplink communication maintaining distinct power levels for multiple users in a single
band is also mandatory. Several researchers advocated the ability of NOMA in device
relaying and proposed that one user from the NOMA pair can assist in delivering the
messages to another user to improve signal diversity and increase reception reliability
of the other user in the pair [11]. Nevertheless for increasing number of users, improved
relaying mechanisms need to be formed to provide extended coverage to larger domains.
Despite the impressive progress achieved by the concept of user cooperation in
NOMA, a major concern is the provision of energy to the nodes who are involved in re-
laying [12]. While, a fair volume of literature exists for cooperative relaying in wireless
networks, for example [11, 13, 14], these works do not take into account the incentive
mechanism in lieu of data ferrying relays. A number of researchers have proposed a
range of incentive techniques for participating relays such as token allotment, band-
width exchange, and reputation based mechanisms [15,16], conversely methods can be
derived for energy depletion in relay nodes. Thus, energy harvesting from radio fre-
quency (RF) is gaining attention to recharge network nodes or devices [17]. Authors
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in [18,19] proposed energy harvesting mechanisms from received radio signals to aid the
relay node for data transmission. As the batteries of the smart phones are rechargeable
from the power sources, the research community is trying hard to revolutionize the
signal reception by extracting energy from the ambient RF sources. In D2D communi-
cation, the relay or participating nodes may have limited battery capacities and they
need some external charging resources for communicating actively in network [20, 21].
Hence, providing energy to the user nodes while utilising spectrum efficiently for ex-
tending coverage is equally important for data relaying. Reliable connectivity to a large
Figure 1.2: Key technologies.
number of heterogeneous users and coverage extension are major concerns for future
networks with a diverse range of applications like weather forecasting, live video/audio
streaming, digital farming. These networks are expected to incorporate UAVs for ser-
vices from data-collection to delivery [22]. Sweeping applications of UAV technology
attracts prominent attention to provide cellular connectivity to UAVs along with ground
devices [23]. UAVs are different than ground users in terms of altitude, propagation
characteristics and channel fading environment. Nonetheless, reviving the multiple ac-
cess scheme is advantageous for 5G to improve spectral efficiency, the characteristic
difference of ground devices and UAVs for connectivity provision cannot be ignored.
With stringent requirements of the future communication networks, excessive cost and
difficulty of setting up urban hotspots, UAVs stand as a potential candidate to provide
connectivity solutions for the IoT networks, assistance in relaying data for network
devices, and high-altitude assisted transmission because of their deployment flexibility
and lower cost [24].
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1.2 Research Motivation
Relaying helps to achieve performance improvements in wireless communication net-
works by assisting in the data transmission between nodes in a network [25]. It may
be a dedicated relay station deployed explicitly in the network to forward the data to
other users or an implicit user present to cooperate with BS in data transmission. In
contrast to deploying extra relay nodes, cooperative relaying makes the use of existing
users in relaying information between two devices and is also referred as D2D relaying.
D2D relaying is appealing because it does not increase infrastructure costs for the net-
work operator in contrast to infrastructure relay nodes, which are included as a part of
the current LTE-Advanced standard [26,27]. D2D relaying to improve system capacity
and coverage comes into consideration for future wireless networks as well [28,29]. The
underlying idea is that there are a large number of devices that may act as relays, ei-
ther infrastructure ultra-dense network access points without wired back-haul, or other
devices such as user-deployed devices, nomadic nodes, drones, or mobile users, which
may act as relay stations to help to convey user traffic to or from the network, see Fig.
1.3.
Figure 1.3: An Illustration of Device to Device Relaying [2].
Most of the research works which have been done to facilitate the concept of relaying
are based on orthogonal multiple access scheme (OMA) of radio resources in wireless
networks [30]. The emergence of beyond 5G (B5G) networks requires new radio access
technologies that can provide relatively high speeds as compared to existing LTE net-
works for burgeoning spectral efficiency sector to satisfy the increasing demand of data
traffic by the subscribers. In order to accomplish this, an increasing trend in technolo-
gies is to introduce an overhaul to the current network infrastructure, wider range of
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software architectures, concepts of dense heterogeneous networks, and innovations in
accessing radio resources. Access mechanism of radio resources is attracting widespread
interest with the concept of NOMA. As mentioned earlier, NOMA is a relatively new
technique for increasing spectral efficiency and reliability of transmission and stands
as a candidate technique for channel access [31]. This access technique exploits the
power domain to incorporate the messages of two users in a single frequency band in
one time slot and applies successive interference cancellation techniques at the receiver
end to extract the message of the particular user [32]. The non-orthogonality in power
domain can be extremely useful in utilising the spectrum efficiently and in increasing
the reliability of transmission as well. NOMA is gaining rapid attention, as it seems
like a winning strategy to cope with the severe spectral availability problem. Hence it
is important to study the application of relaying not only on the conventional multiple
access schemes but also on the newly proposed NOMA scheme.
Relaying can be further improved if the relaying device is paid off for their relay-
ing job by means such as extra spectral efficiency, bandwidth allocation, energy boost,
etc. [33] or is provided with sufficient energy for relaying data. This issue is impor-
tant and has attracted significant consideration from the researchers [34–36]. Although
wireless networks can be provided energy from power sources such as, heat, wave and
wind [17] but for low power nodes in short range D2D communication, energy harvest-
ing from radio frequencies is the taking lead [37,38]. Recharging batteries or replacing
them with new ones sidelines energy harvesting but it is highly inconvenient for the re-
lay nodes and incurs more cost and also is not possible/undesirable in many embedded
devices or sensors (such as sensors within human, plant or animal body or embedded
within a fixed place). Energy harvesting with radio frequency is a viable solution in
cooperative networks as it allows devices to communicate and scavenge energy from the
same radio source simultaneously [39]. In wireless networks, multi-hop communication
is a realistic scenario in which the relays or the sensor nodes have limited battery ca-
pacity to carry out information processing and they rely on external sources to charge
their batteries, hence energy harvesting could be utilised in relaying to replenish the
battery of relay nodes. Most previous works either consider the NOMA based relay-
ing for signal diversity or ignore the energy constraint imposed on the NOMA based
node in small cell networks. Radio frequency energy harvesting is considered in OMA
based relaying protocols mostly [40, 41] and is under research for NOMA based relay-
ing schemes [42, 43]. According to the recent studies, there’s no question that spectral
efficiency is the primary beneficiary of NOMA [31,44], there is still a need for realising
its gains in cooperative data relaying together with mechanisms to furnish relays with
energy for data transmission.
As stated earlier, spectral efficiency of NOMA based communication [9, 45, 46] is
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beneficial for the future wireless networks which will comprise of a variety of cellular
connected devices, such as sensors, mobile phones, IoT devices and drones [47]. While
a significant number of research works utilises mobile nodes in a network to act as a
relay [11, 14], a few have proposed to take advantage of aerial devices such as drones
to participate in device relaying [48,49]. So far research studies have grouped network
devices located at ground level, in NOMA band [12, 46, 50] to reveal the superiority
of NOMA in spectral efficiency. A few works have also explored NOMA with aerial
devices, such as UAVs [51,52] to deploy manifest abilities of NOMA. However,to date,
no research work has explored the opportunity for an aerial and a ground device to
access channel with NOMA.
1.3 Research Objectives
Particularly, we aim to achieve the following objectives from this research.
• The development of a network model where the users are able to communicate
successfully to the BS with distinct power levels with the help of NOMA by
harvesting energy from the downlink radio signals.
• Building on the proposed model, our objective is to exploit SWIPT for a unique
relaying mechanism to provide coverage to cell-edge users in downlink and uplink
communication.
• Further to extend cellular connectivity to aerial devices, we aim to pair an aerial
and a ground user with the help of NOMA based on a novel user ranking scheme.
1.4 Scope and Limitations
It is important to clarify that energy harvesting from radio frequencies is not the
primary domain of this research work. We rely on the existing literature to obtain the
values of certain parameters related to energy harvesting efficiency. Another limitation
is the ability of devices to harvest energy from radio frequency which depends on
the internal electronic circuitry of the devices and hence is not covered in our work.
Furthermore, whether or not harvesting energy from downlink radio signals is practical,
is out of scope of this work. In this thesis, we consider network models and scenarios
that have not been addressed in the literature before, and apply mathematical tools
to evaluate network performance. More specifically, we will exploit two important
performance metrics of a wireless network, i.e., outage probability and ergodic capacity
or ergodic rate. Therefore, in this thesis, we are specifically interested in following key
performance indicators of the proposed network models in the following chapters.
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• Outage Probability: This is the probability that a received signal at a certain
node goes below a specified threshold value required for the correct recovery of the
message. In a typical wireless communication system, there are three important
entities, i.e, a source or transmitter, a destination or a receiver and a communi-
cation channel in between them. Based on the information, the transmitter first
modulates the electromagnetic signal and sends it through propagation medium
where the power of electromagnetic signal decays along with an increase in the
propagation distance. For correct recovery of the information, the power of the
signal received needs to be greater than a particular threshold required for correct
recovery of information. If the received power is less than the specified threshold,
the outage is declared and the data transmission is declared as failed. Hence
evaluating the probability of outage in data transmission is an important metric
to study.
• Ergodic Rate: It is defined as the average data rate supported per channel
per hertz in data transmission between a source and a destination. In wireless
communications, frequency channels divide the available spectrum into multiple
blocks. Multiple transmitters are allowed to transmit their data on these channels
based on different multiple access mechanisms like OMA and NOMA. Based on
the threshold requirement, the data is recovered at the receiving end for each
frequency channel. Therefore, when data is transmitted over more frequency
channels, a larger number of wireless links are established between transmitter
and a receiver. The link capacity or data rate can be evaluated with the help
of Shannon’s formula: C = B log2(1 + SNR) bits/sec, where, C is the data rate
obtained for one transmission link and B is the available bandwidth of a channel.
As in NOMA, when multiple signals are transmitted over the same channel to
accommodate increasing number of devices, the signals may interfere with each
other, causing interference. When such signal is received by the receiver, the
interfering signal is treated as a noise and the signal to interference and noise
ratio (SINR) is evaluated at receiver’s end, hence Shannon’s capacity formula is
written as
C = B log2(1 + SINR) bits/sec. (1.1)
1.5 Research Contributions
This thesis aims at providing a new paradigm for improving the underlying basis of
relaying mechanisms that overcome the spectral efficiency limitations and energy de-
pletion issues of devices. In the following, we summarise the research contributions
based on our objectives stated in previous section.
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A Novel Uplink NOMA Scheme: We propose a novel scheme to establish uplink
communication in a NOMA based network. This unique scheme provides distinct power
to each user in a NOMA pair for uplink transmission to the source. The difference in
the uplink power is achieved by harvesting energy from the received downlink signals
from the source. Through our research work, we ensure that the devices have the
opportunity of establishing communication with radio source without relying entirely
on their own batteries. We evaluate the downlink and uplink ergodic rate achieved
for each user node and provide mathematical derivation of the results. Here, we also
reveal the superiority of power splitting energy harvesting protocol and also highlight
the trade-off in achieving desired uplink or downlink data rate. Further details of this
work are covered in Chapter 2 of the thesis.
A Unique Relaying Scheme with NOMA: We further extend the idea to initi-
ate the concept of device relaying for overcoming the connectivity issues of users located
at the edge of a cell. In this context, we propose the concept of wireless powered relays
on the basis of NOMA to extend the coverage of a base station in uplink and downlink
communication. These device relays are powered with RF energy harvesting. We per-
form mathematical modelling of the proposed model and evaluate the performance by
deriving outage probabilities and system throughput in delay sensitive and delay tol-
erant transmission modes in downlink and uplink transmission. This study unveils the
concept of overcoming double-near far problem in relaying networks. The explanation
is covered in Chapter 3 of this thesis.
A Mechanism to Pair Ground and Aerial Devices using NOMA: To fa-
cilitate the cellular connectivity for a range of network devices which includes ground
and aerial devices, we propose to apply NOMA based on a novel user ranking scheme.
We argue that because of the difference in channel characteristics and environmental
conditions of an aerial and a ground user, distance based ranking cannot be applied.
Hence, we propose a parameter known as instantaneous distinct signal power (IDSP)
to rank users in a NOMA pair consisting of an aerial and a ground user. By evaluating
this, we designate signal power to both users in downlink transmission and decide the
order of decoding in uplink transmission. We derive the mathematical expressions of
the outage probabilities in uplink and downlink transmission for ground and aerial users
to evaluate system performance. This research direction brings interesting insights that
are discussed in Chapter 4 of this thesis.
1.6 Related Publications and Awards
Below is the list of journal and conference papers which are published as a result of
this research.
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1.7 Thesis Structure and Outline
This thesis is organised as follows.
Chapter 2. In this chapter, a NOMA based network model is proposed to facilitate
the uplink communication on the basis of harvested energy. The chapter first covers the
existing techniques for establishing uplink communication for NOMA. Following this,
the proposed strategy for uplink communication is explained, detailing how the nodes
communicate with a designated source and utilise a portion of the received downlink
energy in communicating back to the source. The performance evaluation is shown by
evaluating the ergodic rates of both nodes in uplink and downlink communication in
a two-node network. At last, the chapter is concluded by stating the highlights of the
research and future research directions.
Chapter 3. This chapter highlights the concept of wireless powered NOMA relays.
It proposes a relaying scheme in which relays sustain uplink and downlink communi-
cation with radio frequency energy harvesting. The mathematical analysis to derive
outage probabilities and ergodic rates is presented, followed by the numerical results
to evaluate the behaviour of the system which are further verified by the simulation.
Lastly, the proof of the theorems presented in the chapter are provided in the appen-
dices.
Chapter 4. This chapter explains the concept behind ground-aerial NOMA in
detail. The key contributions of this research part are highlighted along with relevant
literature review. The chapter then highlights the proposed network model followed by
mathematical explanation of the important performance evaluation metrics. Then, the
results obtained from the proposed schemes are explained with details on the superiority
of the scheme. In the end, the chapter is concluded and appendices are presented to
document the details of mathematical analysis.
Chapter 5. In this chapter, the summary of the contributions made by the author is
included with an explanation of the key research directions of the proposed techniques.
Chapter2
Evaluating the Ergodic Rate in
SWIPT-Aided Hybrid NOMA
Authors : Syeda Kanwal Zaidi, Syed Faraz Hasan, and Xiang Gui
Abstract
This chapter studies a hybrid non-orthogonal multiple access (NOMA) based
wireless system, in which the users harvest energy from the received downlink
signals in order to transmit on the uplink. We argue that the use of energy har-
vesting helps in maintaining distinct power levels when the users commence uplink
NOMA transmissions. To evaluate the performance of the proposed model, we de-
rive closed-form mathematical expressions of the average ergodic rate of the system.
The results illustrate that: 1) this scheme is capable of establishing NOMA based
uplink communication solely on the basis of harvested energy and 2) power-splitting
parameter shows positive correlation on the uplink rate performance whereas the
choice of time-splitting parameter favours either uplink or downlink data rate.
Keywords: Non-orthogonal multiple access (NOMA), simultaneous wireless informa-
tion and power transfer (SWIPT).
2.1 Introduction
Non-orthogonal multiple access (NOMA) has been proposed for the fifth-generation
(5G) wireless networks to help deliver higher throughput, improved reliability, reduced
latency and increased spectral efficiency. NOMA assigns different power levels to the
users in order to allow them to transmit simultaneously using the same frequency/time
resource. There have been several previous works that focus on downlink (DL) NOMA,
in which a base station (BS) transmits a composite signal which is successively decoded
by the users based on the power levels assigned to each of them [53]. This decoding
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process is termed as successive interference cancellation (SIC). However, in the uplink
(UL) NOMA, it is very challenging for the BS to distinguish between multiple user
transmissions based on their power levels. Different approaches have been proposed to
resolve the optimal power allocation issue in NOMA-based UL transmissions. A power
back-off scheme has been introduced in [54], which assigns different transmit power
levels to the NOMA users that are transmitting on the uplink. The power levels are
assigned based on the path loss between the NOMA users and the BS. The value of
power back-off parameter is more for users with a larger path loss and is gradually
degraded for the users with smaller path loss, which helps BS in correctly decoding
individual transmissions. In [55], the authors use fractional power control for decoding
NOMA messages at BS, where proper setting of control parameter is crucial in keeping
received power levels distinct. It has been pointed out in [53] that the conventional
power control solutions is not a viable solution in a system that uses NOMA. All existing
works, for example [53]- [55], incur additional processing overhead in assigning power
levels to the users that can be easily distinguished at BS.
The idea proposed in this chapter is to harvest energy from DL NOMA signals
(that carry information from BS), and assign distinct power levels to the users when
they transmit using UL NOMA. This so-called simultaneous wireless information and
power transfer (SWIPT) is employed using power splitting (PS) based approach [18].
SWIPT has been explored in recent literature. For example, the work in [56] optimizes
wireless power transfer in UL NOMA and that reported in [57] jointly optimizes BS
transmit power, and time durations for energy harvesting and data transmission. The
impact of the use of harvested energy on outages in UL transmissions has been studied
in [58]. However, the use of an additional time slot limits the achievable throughput
of the system. On the contrary, we use PS-based SWIPT protocol and harvest energy
from the signals received from BS to enable UL NOMA communication. The use of
SWIPT in a system that employs UL and DL NOMA yields two benefits: it creates
a self-sustained reverse channel and inherently provides difference in the power levels
of the users transmitting in UL because of different harvested energy. In this chapter,
we obtain verified analytical expressions of DL and UL ergodic rates of SWIPT-aided
hybrid NOMA system, which to the best of the authors’ knowledge have not been
evaluated before. It is shown in the results that the UL rate of NOMA users is improved
by providing more power to energy harvesting circuitry with a compromise on DL data
rate. We also notice that while increasing DL transmission time allows more energy to
be harvested, it does not correspondingly increase UL data rate.
The rest of the chapter is structured as follows. Section 2.2 introduces the system
model while section 2.3 covers its ergodic rate analysis. Section 2.4 presents analytical
and simulation results. This chapter is concluded in Section 2.5.
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Figure 2.1: Transmission Block Structure.
2.2 Preliminaries
2.2.1 System Model
We consider a NOMA network, where two single-antenna nodes UA and UB with fixed
locations diεR2, iε{UA, UB} communicate bi-directionally with a source (S0) located at
centre of the cell, where (||dUA || < ||dUB ||). Both nodes are energy constrained with
integrated resources to provide fixed transmit power and to eliminate randomness of
instantaneous received power [18]. Bounded path loss model (ε + ||di||) is considered
with a distance-dependant path loss at the rate of (||di||−le) [59], where le is the path
loss exponent, and ε is a fixed parameter to ensure finite path loss and finite harvested
energy [58]. Transmission block time T (see Fig. 2.1) is divided into two phases by
a time-split parameter αd (0 < αd < 1). A fraction αdT is used for DL transmission
and the remaining (1− αd)T is used in UL transmission. The users receive power PS0
from S0, which is split by a power-split parameter βe (0 < βe < 1). A portion of split
power βePS0 is used for energy harvesting while the remaining (1− βe)PS0 is used for
information decoding. We assume quasi-static, independent and identically distributed
Rayleigh fading channels hS0i (hS0i ∼ CN (0, 1)) between users and S0 [55]. These
channels are assumed constant over one block. Additive white Gaussian noise (AWGN)
is assumed for all wireless links and the channel state information is available at all
nodes [60]. The nodes harvest a finite amount of energy for information transmission
and the power utilised in information processing is negligible and ignored [18,59].
2.2.2 SWIPT based Transmission Model





where, ζe,i denotes efficiency factor specific to receiver architecture of i-th node, ηe,i is
the RF-to-DC power conversion efficiency of i-th node and αi = αdβe for integrated
receiver architecture.
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The downlink NOMA signal received by a user is given as:









where, pi and mi are the transmit power coefficient and DL message for ith user
respectively. ni ∼ CN (0, σ2i ) denotes AWGN at the ith user with variance σ2i and
PDL = PS0(1 − βe). The signal to interference plus noise ratio (SINR) at UA and UB
















is the power to noise ratio at i-th user.





Using the energy harvested from DL NOMA signal, the users transmit data to
S0 on the uplink. The user (UA) with a higher channel gain, which is located closer
to S0, harvests more energy as compared to the user (UB) with lower channel gain.
Consequently, this difference in energy helps in making distinguishable transmissions
to S0 using UL NOMA. Since UA transmits with more power, it does not interfere
with UB because of SIC [54] at S0. Moreover, when UA transmits with maximum
harvested power, it significantly contributes to increasing throughput of the system.
The combined UL NOMA signal received by S0 is given as:








+ nS , (2.6)
where, m′i is the UL message transmitted by i-th node and nS ∼ CN (0, σ2S) denotes
AWGN at S0 with variance σ2S . Using Eq. (2.5), the SINR of m′UA at S0 is given by
γULS0,m′UA
= %UA |hS0UA |
4
%UB |hS0UB |4 + σ2S(1− αd)
, (2.7)
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following SINR
γULS0,m′UB




2.3 Performance Analysis: Ergodic Rates
To evaluate the performance, here we investigate DL and UL ergodic rate of the system
over independent Rayleigh fading channel. Ergodic rate is expressed on the basis of
received SINR at i-th node during communication.
2.3.1 Downlink Ergodic Rate





where RDLi represents the ergodic rate of DL message achieved by i-th node.
Proposition 1: The analytical expression of average rate RDL achieved during DL
phase is given by
RDL = αdln 2
(






where, ψUA = ρ−1UA(ε+ ||dUA ||
le), ψUB = ρ−1UB (ε+ ||dUB ||
































Using Eq. (2.3) and after solving the differential equation fγDLUA,mUA
(γDLUA ) can be written
as
fγDLUA,mUA
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By plugging the value of fγDLUA,mUA
(γDLUA ) into Eq. (2.11) and applying [4.337.2, [61]],





where, Ei(x) is the exponential integral [8.2.11.1, [61]]. Since mUB is assigned higher


















Following similar steps of fγDLUA,mUA









By substituting the values of RDLUA and R
DL
UB
in Eq. (2.9), we obtain Proposition 1.
2.3.2 Uplink Ergodic Rate
The UL average ergodic rate is written as




Proposition 2: The analytical expression of ergodic rate RUL achieved during UL







2 sin(Ωk)− sin(Ωk)Si(Ωk)− cos(Ωk)
Ci(Ωk)
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where, κ = 2(1− αd)ln 2 , ωK =
π
K






4 (θk + 1), Λk =
ωK
√













, Ω = √χ3, Ωk =
√
χ1λk, Si(.) is sine integral [8.230.1, [61]], Ci(.) is
cosine integral [8.230.2 , [61]] and K is cheybshev approximation parameter.
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Proof : Like RDLi , RULi = log2(1 + γULUi,m′i). Starting with R
UL
UA





























Based on Rayleigh fading, power of the channels (|hS0UA |2, |hS0UB |2) follows exponential














The integral in equation above cannot be solved with conventional integration tech-
niques. After changing of variable and applying Gaussian cheybshev quadrature [61],
we get









By plugging Ξ in Eq. (2.20) and solving differential equation we get fγUL
S0,m′UA
(γULUA )



























, ω′K = ωK
√
1− θ2k. In order to solve Eq. (2.23), we have
applied Laplace transform of ln(1 + γ2ULUA ) and integration by parts on above integral,








2 sin(Ωk)− sin(Ωk)Si(Ωk)− cos(Ωk)Ci(Ωk)
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. (2.24)
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. We substitute ΞB in Eq. (2.26) and solve differential equation to get
fγUL
S0,m′UB





















ln(1 + γULUB )dγ
UL
UB , (2.27)





2 sin(Ω)− sin(Ω)Si(Ω)− cos(Ω)Ci(Ω)). (2.28)
Substituting the values of RULUA and R
UL
UB
in Eq. (2.17) completes the proof of Proposi-
tion 2.
2.4 Observations
This section provides numerical results averaged over 10K simulation runs to evaluate
the performance of proposed system model. The locations of users from S0 are such that
||dUA ||/||dUB || = 0.5. ηe,i = 80%, ζe,i = 0.9, ε = 1, le is 2 or 2.8, and approximation
parameter K is 500. p2UA = 1/5 and p
2
UB
= 1 − p2UA . Fig. 2.2 plots RDL and RUL
obtained from Eqs. (2.10) and (2.18) vs. signal to noise ratio (SNR), which are well
matched with the simulation results. It follows that the proposed scheme performs
well in less lossy environments. Fig. 2.3 evaluates the impact of βe on the UL and
DL ergodic rates of the system. It is clear from the figure that providing more power
to energy harvesting circuitry improves UL data rate sharply in the high SNR region.
Secondly, the variation in βe results in an increase in UL data rate at the expense of
the DL data rate. This can be useful in future low data rate applications, where users
will be able to transmit high priority UL messages to the source even if the system
needs to compromise on DL data rate. This means that an appropriate selection of βe
can adjust the data rate in DL and UL communication as per system requirements.
In Fig. 2.4, we illustrate the impact of βe and αd on UL data rate. With equal
DL and UL transmission phases (αd = 0.5), if βe increases from 50% to 60%, UL
rate is improved, demonstrating the benefits of introducing SWIPT. However, when
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Figure 2.2: System Ergodic Rate vs SNR, βe = αd = 0.5.
Figure 2.3: Downlink and Uplink Rate with variable βe.
DL transmission phase is given more time (αd > 0.5) for harvesting more energy, UL
data rate starts to fall. The reason of this decline is the reduction in UL transmission
time. It follows that with a careful choice of βe and αd, wireless powered low data-rate
uplink NOMA communication can be established successfully in SWIPT-aided wireless
networks.
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Figure 2.4: Uplink Rate with variable βe and αd, SNR= 30 dB.
2.5 Conclusion
This research work has used PS based SWIPT protocol to enable NOMA commu-
nication between a source and its nodes with energy harvesting. We have obtained
closed-form expressions for DL and UL ergodic rates to demonstrate the performance
of the proposed system. Our analytical and simulation results show that utilising larger
portion of received DL power in energy harvesting results in improved UL rate of the
NOMA users. Data rates in hybrid NOMA system also depend on how the transmis-
sion resources are split between UL and DL. A future research direction is to study the
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Authors : Syeda Kanwal Zaidi, Syed Faraz Hasan, and Xiang Gui
Abstract
Relaying is a tool to solve basic problem of poor coverage and low capacity at
the cell border due to low signal to interference and noise ratio (SINR). In this
paper, we propose a novel non-orthogonal multiple access (NOMA) based relaying
mechanism to extend the coverage of a source for bi-directional communication with
some users in an out-of-coverage area by exploiting two users from a NOMA pair to
act as relays for remote devices. A combination of multiple access schemes is used,
source-relay communication is established with NOMA while relay-device commu-
nication is orthogonal multiple access (OMA) based. To avoid battery consumption
of the relay nodes, power-switching based simultaneous wireless information and
power transfer (SWIPT) protocol is used for relaying uplink and downlink data be-
tween source and the users. Potentially, the scheme provides parallel coverage to
multiple disconnected users with the help of wireless-powered NOMA relays (WP-
NRs). To characterise the performance gains of proposed system, two important
metrics outage probability and ergodic rate are discussed. Specifically, analyti-
cal expressions for outage probabilities and delay-limited throughput in downlink
(DL) and uplink (UL) communications are derived, which are also verified with
simulations. Additionally, we also obtain closed-form expressions for the DL and
UL asymptotic ergodic rates. Our results demonstrate that: 1) WPNRs establish
bi-directional communication link between the source and remotely located users
solely on the basis of scavenged energy; 2) WPNR based relaying network is su-
perior in performance than OMA based relaying network in high SNR region; 3)
Orientation of WPNRs contributes in improved system throughput.
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3.1 Introduction
Spectral efficiency, energy efficiency, low latency processing, and wider connectivity
are the key performance pillars of fifth-generation (5G) wide spreading wireless net-
works’ deployment and implementation [62]. 5G not only aims to take forward some
prior technologies like relaying, small-cells, heterogeneous networks, massive antenna
systems [63] etc. but also welcomes cutting-edge techniques like multi-user multiple-in-
multiple-out (MIMO), device-to-device communication [64, 65], energy harvesting and
non-orthogonal multiple access (NOMA) to foster the aim of future wireless commu-
nication [12, 66]. The apparent aim of relaying is to offload traffic of the base station
(BS) with the help of intermediate nodes so that communication is realised between
remotely located devices and BS or between two devices. Relaying plays a vital role
in ever growing dense networks to serve cell-edge users for improved throughput and
better quality of service (QoS). For prolonged communication, the relays can be pow-
ered with radio frequency energy harvesting (RFEH) refraining them to utilize their
own energy for relaying purposes. RFEH is on boom these days as it exploits available
radio signals to recharge devices enabling simultaneous wireless information and power
transfer (SWIPT) so that the devices self sustain without counting on any extra energy
sources within the network [67].
3.1.1 Related Works and Motivation
With expected sharp rise in future wireless network devices, cell phones, sensors etc.,
NOMA has gained substantial attention to improve spectral efficiency and reduce la-
tency [68]. In general NOMA is classified into two brackets, power-domain NOMA
and code-domain NOMA [12]. Specifically, power-domain NOMA, recently proposed
to 3GPP LTE [69] multiplexes users on account of power i.e., the information of two
users, hereafter referred as NOMA pair, is clubbed in a single frequency/time block with
varying power levels. A comprehensive study on NOMA for 5G is presented in [69] with
insights on real world deployment. So far, NOMA has been examined in uplink (UL)
and downlink (DL) communication from various points of views in [9, 58]. In recent
research works, concept of cooperative NOMA (CNOMA) is proposed in which one of
the user in NOMA pair serves as a relay to forward the information to other user [13].
In a conventional CNOMA scheme, only one user from the NOMA pair contributes
as a relay to increase signal diversity, improve reception reliability and extend cover-
age of the network [13]. In DL communication, a coordinated two-point system based
on superposition coding (SC) was investigated in [70] exploiting the use of NOMA in
cooperative communications. The authors in [11] used decode-and-forward (DF) relay-
ing while the authors in [14] applied amplify and forward (AF) relaying with NOMA
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over different fading channels and analysed outage probability and sum rates of the
system. Lately, two cooperative user relaying scenarios with near user in half duplex
(HD) or full duplex (FD) mode are studied in [71] to compare the performance gain
of HD or FD relaying in CNOMA. It is important to realise that both of the NOMA
users can also act as relays to forward the information to some devices which are not
in the proper coverage range of the source. Such situations can occur practically in
internet of things (IoT) or machine-to-machine (M2M) communications. For example,
in smart automotive networks, two cars moving away from the source towards a low
connectivity area may require some assistance or emergency signals from the source.
Therefore, it is possible to exploit two users in a NOMA pair to act as relays and assist
two or more out-of-coverage devices. Albeit the use of relay nodes helps to improve
coverage, reception reliability and QoS of a network, but at the cost of relay’s own
energy, hence the need of sufficient energy supply to relay information cannot be ig-
nored. It has been recognised already that SWIPT allows relays to scavenge from the
wireless signals carrying information [72,73] with the help of two key relaying protocols:
i) time switching (TS) and ii) power splitting (PS) [19]. SWIPT has been adopted in
HD as well as FD relaying schemes [74, 75]. A research work in [59] used PS relaying
scheme to harvest energy at near user in CNOMA for improved DL communication of
far user. Most recently, a user selection scheme with the use of TS and PS relaying
protocol is proposed for CNOMA netwoks using SWIPT in DL transmission only [76].
While aforementioned research works have already used CNOMA in DL relaying with
or without SWIPT for enhanced signal diversity, the use of NOMA based relaying for
extension of coverage in two-way communication is in infancy. A novel work to foster
this concept is introduced in [77] where, the authors utilized NOMA pair as relays with
TS protocol to serve two disconnected users simultaneously for DL communication.
However, only outage performance of end users in DL communication was analysed.
To the best of our knowledge, the use of NOMA pair based relaying in both DL and
UL communication considering energy incentive for relaying information has not been
investigated yet. Not quite the same as past works, we aim to derive relaying bene-
fits from a NOMA pair with SWIPT for extending coverage of a network in DL and
UL transmissions. More specifically, we explore the potential capacity of NOMA pair
in user relaying in a NOMA-OMA based network with identifying the following key
impact factors.
• Will two users in a NOMA pair be able to act as relays for remote users for
two-way communication solely on the basis of harvested energy? If yes, then
what would be the impact on the signal outages and what would be the systems
performance in delay-limited and delay tolerant modes in terms of throughput?
• Will NOMA based relaying contributes towards improved system throughput
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than conventional OMA based network along with the use of SWIPT?
• What are the significant factors that may impact the system performance in this
hybrid NOMA-OMA network?
3.1.2 Contributions
We propose a concept of intermediate wireless powered NOMA relays (WPNR) in a
NOMA based network where a source utilizes both users in a NOMA pair to act as
relays for remotely located cell-edge users. Based on the proposed system, the main
contributions of this paper are summarised as follows:
• We investigate two-way hybrid WPNR based communication scheme for UL and
DL transmission enabling the source to establish bi-directional communication
with users which may not be accessed via single relay.
• To highlight the behaviour of proposed system, we derive analytical expressions
for the outage probabilities of UL and DL information symbols and system
throughput in delay-limited transmission mode based on these outages. Fur-
thermore we obtain closed form expressions for ergodic sum rate to extract key
insights on the performance.
• Our findings reveal that compared to the conventional OMA based network with
SWIPT, the proposed system provides improved performance in terms of overall
system throughput.
• We further investigate the impact of some key factors for e.g, relay’s distance,
power splitting factor and orientation of relay on the system throughput and
symbol outage. The results reflect the fact that WPNR based relaying is beneficial
in providing energy incentive to intermediate relays and in terms of spectral
efficiency.
In the end, we also verified our analytical model with the help of numerical simulations
to validate the mathematical derivations of outage probabilities and ergodic sum rates
of the proposed system. The approach followed in this paper provides following benefits:
1) the use of SWIPT in a NOMA pair eliminates doubly near-far effect [78], 2) two
disconnected users which are far from each other are simultaneously served by the
source in UL and DL communication, 3) relays do not need to utilize their own energy
in transferring the information to the end users.
3.1.3 Organisation and Notations
The rest of the chapter is organised as follows: In section 3.2, system model and
important notations are outlined. The detailed explanation of operation modes is in
section 3.3. In section 3.4, performance analysis is reported with remarks on important
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Figure 3.1: Proposed System Model for Hybrid NOMA with SWIPT.
results. Numerical explanation and verification of analytical results is done in section
3.5, while the conclusion is given in section 3.6 with future research directions.
The notations used in the paper are as follows: E[.] represents expectation operator
and Pr(.) shows the probability of an event; fX(x) and FX(x) denote the probability
density function (PDF) and the cumulative density function (CDF) of a random variable
(RV) X respectively; CN (µ, σ2) denotes a circularly symmetric complex Gaussian RV
with mean µ and variance σ2.
3.2 The System Model
3.2.1 Wireless Powered NOMA Relays (WPNR)
We assume a scenario as illustrated in Fig.1, where a source S communicates with two
users U1 and U2 that are far from each other and are located in a poorly covered area.
As in [77], there is no direct link between each of these users and the source due to
heavy shadowing. Since these users lie far part from each other, one common relay is
not able to establish individual communication links between the users and source at
the same time. Hence, source exploits two relays R1 and R2 in the form of a NOMA pair
to establish simultaneous communication paths to the users. The users in NOMA pair,
referred as WPNR, employ PS based SWIPT protocol and scavenge energy from the
received wireless signals for relaying information. The following transmission protocol
and channel model further explain the proposed system in detail.
CHAPTER 3. TWO-WAY SWIPT-AIDED HYBRID NOMA RELAYING 30
Table 3.1: Communication Slots
Time Slot Link Access Mode
t1 S → Rj NOMA
t2 Rj → Ui OMA
t3 Ui → Rj OMA
t4 Rj → S NOMA
3.2.2 Channel Model Description
A dual-hop wireless network with a source S, user Ui and WPNR Rj is assumed,
where i = jε{1, 2},∀i = j, shown in Fig. 3.1 . All nodes are assumed to be sin-
gle antenna nodes [18] and relays employ DF protocol. Euclidean distance between
users and relays is denoted by dUiRi while dUi , dRj represents distance between S
and users, and S and relays respectively, where dR1 < dR2 . Assuming that S is






− 2dUidRj cos(∠UiSRj), where −π ≤ ∠UiSRj ≤ +π. For a realis-
tic communication model, we assume that the communication links exhibit large-scale
path loss effects and experience small scale fading. Under the premise of perfect chan-
nel state information (CSI) at all nodes [79], all channels are quasi-static Rayleigh
fading channels which means that each element of the channel coefficients is circularly
symmetric complex Gaussian variable and channel power gains are exponentially dis-
tributed. The complex channel coefficients for the links S ←→ Rj , S ←→ Ui, Ui ←→
Rj are denoted as hRj ∼ CN (0, 1), hUi ∼ CN (0, 1) and hUiRj ∼ CN (0, 1) respectively.
3.3 Operation Modes
Table 3.1 shows that the UL and DL communication between S and the two users Ui
via relays Rj respectively happens in four time slots due to HD constraint. During
t1,3, the received power by Rj is split by a power-splitting factor called ρ based on PS
architecture for decoding information and the remaining power is utilized in harvesting
energy [19]. Energy harvested in these time slots is utilized by Rj for relaying DL/UL
data between S and Ui. Table 3.2 lists the important notations used hereafter in this
paper.
3.3.1 Downlink Transmission




pRj to relay Rj with fixed
power allocation coefficient pRj for message xUi , where xUi is normalised unit power
signal with E{|xUi |2}=1. To state fairness among relays pR1 < pR1 and
∑2
j=1 pRj = 1
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Table 3.2: Important Symbols
Symbol Meaning
xUi DL message for Ui from S
x′Ui UL message for S from Ui
PS Transmit power of S
pRj Power allocation coefficient for Rj
PU Transmit power of Ui
α Path loss exponent for a channel
ηe,Rj Energy conversion efficiency1 of Rj
ζe,Rj Circuit efficiency of Rj
σ2Ui/Rj/S Noise power at Ui, Rj or S
γoxUi
Threshold SINR for message xUi
γox′Ui
Threshold SINR for message x′Ui
[9]. Power corresponding to harvested energy by Rj is expressed as
PHRj ,t1 =
PS(1− ρ)ηe,Rjζe,Rj |hRj |2
(ε+ dαRj )
, (3.3.1)
where, ε is the reference parameter for bounded path-loss model to ensure finite path
loss and finite harvested energy [77]. With pR2 > pR1 , R1 invokes successive interference
cancellation (SIC) of xU2 i.e. it subtracts xU2 from the received signal first and then
decodes xU1 [9]. Therefore, received signal to interference and noise ratio (SINR) of
xU2 and xU1 at R1 is given by
γR1xU2
= ΩR2 |hR1 |
2











where ΩRj = PSpRjρ. On the other hand, R2 is not required to perform SIC because of
lower transmit power allocation to xU1 . Therefore received SINR of xU2 at R2 is given
by
γR2xU2
= ΩR2 |hR2 |
2




After decoding the messages, R1 and R2 transmit xU1 and xU2 to U1 and U2 respectively









CHAPTER 3. TWO-WAY SWIPT-AIDED HYBRID NOMA RELAYING 32














power signal with E{|x′Ui |
2}=1. Similar to DL approach, a portion ρ of the received
power is consumed in decoding information while remaining is utilized in harvesting
energy. Power corresponding to harvested energy by each relay in this time slot is
expressed as
PHRj ,t3 =
PU (1− ρ)ηe,Rjζe,Rj |hUiRj |2
(ε+ dαUiRj )
, (3.3.7)
As stated in Table 1, this transmission is OMA based hence the relays do not need to
















After decoding UL messages, R1 and R2 send UL NOMA signal to S, which ranks
relays based on their channel conditions. The geographical separation of these relays
from their end users is the basis of difference in their harvested energy which in turn
leads to different transmit powers in UL NOMA signal. At this moment, it can be
observed that our proposed system coherently eliminates doubly-near far problem and
power allocation issue in UL NOMA communication. In order to detect individual
user’s message, SIC is carried out at S and messages (x′U1 and x
′
U2
) are decoded one
by one, starting with the message received with higher power first. Received SINR at











Since R1 is closer to S as compared to R2, S subtracts higher power symbol x′U1 from
the received UL signal and continues to decode x′U2 , hence the SINR at S to decode
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This completes one transmission cycle and the UL and DL information is relayed by
WPNRs between S and the serviced users.
3.4 Performance Analysis of the system
The performance of our proposed model is characterised by evaluating two important
metrics: outage probability and ergodic rate.
3.4.1 Outage Analysis
Outage probability is defined as the probability of effective end-to-end SINR at receiver
node (γR) falls below a certain threshold (γo), due to channel fading or interferences,
and is denoted by P out below. Mathematically, we can write
P out = Pr(γR < γo). (3.4.1)
Outage in Downlink Transmission
The outage in downlink transmission of xUi occurs if it is not decoded by Ui or by its
WPNR Rj .
P outxUi























xUi − 1. (3.4.3)
Proposition 1: The analytical expression of outage probability at U1 for xU1 is ex-
pressed as:
P outxU1
= 1− (%̆xU1 × %xU1 ), (3.4.4)


















, %̆xU1 = exp
(

















, Kv(.) represents the modified Bessel function
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P outxU1
=1.
Proof: see Appendix A.
Remark 1: R1 needs to decode both of the messages for successful relaying. How-
ever the successful decoding at user’s end is also dependent on the received power at R1
which in turn relies on its channel condition with S.
Proposition 2: The analytical expression of outage probability at U2 for xU2 is
given by
P outxU2
= 1− %xU2 × %̆xU2 , (3.4.5)


























Proof: With the help of (3.3.4) and (3.3.6), we obtain Proposition 2 following same
steps as of Proposition 1. The details are omitted here for the sake of brevity.
Remark 2: As can be observed that the outage in DL transmission is dependent
on the power allocation factors of WPNR and on the joint channel distribution between
source with WPNRs, and between WPNRs and the users.
Outage in Uplink Transmission
The outage in uplink transmission of x′Ui occurs if the message sent by Ui is either not
decoded by its WPNR Rj or by S.
P outx′Ui

























Ui − 1. (3.4.7)
Proposition 3: The outage at S for x′U1 is derived as
P outx′U1
u 1− %x′U1 × %̃x′U1 (3.4.8)





































































and N andM are the Gauss-Cheybshev approximation parameters.
Proof: Appendix B.
Remark 3: Outage of UL transmission is computationally complex because of the
fact that transmitted power of WPNR is dependent on the harvested energy from received
power sent by the user and WPNR uses NOMA in relaying UL message as compared
to conventional OMA in relaying DL message.
Proposition 4: The outage at S for x′U2 is expressed
P outx′U2
≈ 1− %x′U2 × %̃x′U2 × %̃x′U1 , (3.4.9)























, and %̃x′U1 is defined in Proposition 1.
Proof: Steps follows Appendix B and are omitted here to avoid longevity.
Remark 5: The analytical form of the outage probability of x′U2 has extra product
term which corresponds to the successful decoding of x′U1 at S. One can observe that
the decoding of x′U2 by S is dependent on the joint channel distribution of R2 and U2
and on the successful decoding of x′U2 at R2.
Remark 6: The results in Proposition 1 to 4 are consistent with the intuition that
by employing WPNR in a wireless system, S can establish successful communication
link with the two remote service deprived users.
3.4.2 System Throughput
System throughput in delay-limited transmission mode [19] is dependant on the outages
of the symbols xUi and x′Ui .
Downlink system throughput
In this case, S transmits xUi at a constant rate of RoxUi in a wireless fading channel,
which is under the effect of outage probability. The system throughput in downlink
communication is written as
RdlimDL = (1− P outxU1 )R
o
xU1




where, P outxU1 and P
out
xU2
are given in (3.4.4) and (3.4.5) respectively.
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Uplink system throughput




subject to outage. We obtain uplink system throughput on the basis of outage proba-
bilities as below
RdlimUL = (1− P outx′U1
)Rox′U1





are expressed in (3.4.6) and (3.4.7) respectively.
3.4.3 Rate Analysis
Here we analyse ergodic rate of the proposed system which is also an important per-
formance metric if system is working under delay tolerant transmission mode [19].
Ergodic rate is the data rate achieved by a communication link averaged over all the




B log2(1 + γR)fγR(γ)dγR, (3.4.12)
where, B is the received signal bandwidth.
Downlink Ergodic Rate
RergxUi
represents the ergodic rate achieved for xUi over the communication link S →
Rj → Ui.















































4 (Θg + 1), ψF =
πpR2
2FpR1












(µf + 1), ςf =
√
4ΨxU2Yf , q, l, and k are accuracy
parameters, and G and F are Gaussian-Cheybshev approximation parameters.
Proof: See Appendix C.
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Uplink Ergodic Rate
Rergx′Ui
represents the ergodic rate achieved for x′Ui over the communication link Ui →
Rj → S.
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4 (ϕz + 1), and L
′ and Z are Gaussian
Cheybshev approximation parameters.
3.5 Numerical Results and Discussion
This section presents the numerical results of our proposed system along with corrobo-
ration of analytical results obtained in section 3.4. We verify our analytical results with
numerical simulations as follows. We simulate a source S at the centre of a cell with
users U1 and U2 located 10m away from S. ∠RjSUi is kept variable and is mentioned
in the corresponding figures. We model the channel fading gain between S and users,
and WPNR and its respective user with exponential random variable. We execute 10K
channel realisations, and for each realisation in the downlink and uplink transmission,
outage is evaluated. Outage occurs if the signal to noise ratio at each node in every re-
alisation is less than the threshold signal to noise ratio. Table 3.3 shows the simulation
parameters. The antenna and receiver conversion noise variances at all nodes are unit
normalised for generality but can be altered to evaluate performance.
3.5.1 Effect of Transmit Power
We evaluate the impact of the transmit power of source and users on the outages of
downlink and uplink messages. P outxU1 and P
out
xU2
from (3.4.4) and (3.4.5) respectively is
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pR1 , pR2 0.3, 0.7
α 2 (free space), 3 (shadowed-urban area)
Cheybshev Approximation Parameters 500
first verified via Monte Carlo simulations and the results are shown in Fig. 3.2a for
different value of RoxUi and ρ = 0.5. The precise agreement between simulated and
analytical results verify our derivation of outage. The figure clearly shows that outage
of xUi is inversely proportional to the SNR. And also, when the requirement of DL
data rate for U1 is increased, signals reception is decreased leading to more outage at
U1. The deterioration of the received signals is because of the presence of second user’s
symbol at relay node which is decoded a prior by R1. Fig. 3.2b shows a plot of the
outages of xU1 and xU2 vs. SNR for a varying value of ρ. It is obvious from the results
that an increasing the value of ρ increases the outage of the downlink symbols which is
consistent with the system description mentioned in section 3.2. For instance, ρ = 0.8
results in more outage than the outage achieved with ρ = 0.4. This demonstrates that
providing less energy to energy harvesting circuitry will increase the outage in relaying
link, resulting in increased outage at user’s end.
It is to be noted that the outage at U2 is similar to outage at U1 despite the fact
that the distance between R1 and U1 is more, and that between R2 and U2 is less.
The main reason behind this is that the relay located near S harvests more energy
and transmits with higher power as the intended user is far. However, R2 harvests
less energy because it requires less power to transmit to a closer user. This indicates
the fairness for the serviced users in our proposed scheme and it also shows that the
proposed model ignores doubly-near-far problem [13]. The expressions in (3.4.8) and
(3.4.9) are also verified with simulations and the results are depicted in Fig. 3.3a where
dashed/dotted lines represent analytical results while solid lines are used to show Monte
Carlo simulations. Outage of x′Ui symbol has an inverse relationship with transmit SNR
which is consistent with the downlink transmission results. It is to be noted that the
outage probability reveals an error floor in high SNR region which increases with the
increase in uplink transmission rate. This is because of the interference caused by
one user towards other user’s message in a single frequency/time domain which is an
inherent property of uplink NOMA transmissions [80]. To verify the effect of power
split ratio ρ on uplink transmissions, Fig. 3.3b illustrates impact of varying value of
ρ on uplink outage. By comparing it with Fig. 3.2b, it can be demonstrated that
the effect of ρ is same as explained earlier in this section for downlink transmission
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(a) Outage Probability of xU1 and xU2 with vary-
ing DL data rate.
(b) Outage Probability of xU1 and xU2 with vary-
ing value of ρ.
Figure 3.2: Downlink Outage Probability
Fig. 3.2 and Fig. 3.3 illustrate that with the help of the WPNR pair, two remote
users can be serviced adequately with nearly equal probabilities of reception at both
ends. This scheme is highly useful in time-critical situations as well. For example, if
an emergency signal needs to be transmitted to remote devices and a single relay is
unable to communicate to both of them, then the use of a WPNR pair can serve the
purpose effectively.
The results of Fig. 3.4a and 3.4b depict the delay-limited system throughput which
is plotted with the help of expressions of the outage probabilities of the users. It
is interesting to see that proposed relaying with NOMA offers superior uplink and
downlink throughput as compared to OMA1 based transmission. At PS=40 dB and
PU=30 dB with a target threshold of unit bps, there’s a 40% percentage gain achieved
1OMA uses more resource blocks (time/frequency) as compared to NOMA
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ing UL data rate.




ing value of ρ.
Figure 3.3: Uplink Outage Probability
with WPNRs than OMA based relaying in UL and DL transmission. Fig. 3.5a and 3.5b
plot the ergodic rate of the proposed system which corresponds to system throughput
in delay tolerant transmission mode. The dashed curves are obtained from (3.4.13)
and (3.4.14) which are well matched with the solid lines representing Monte Carlo
simulations. This verifies the closed form expressions of RergDL and R
erg
UL derived in
Proposition 5 and 6. It can be seen that ergodic rate of downlink transmission is fairly
equal to ergodic rate achieved in uplink transmission, because of the fact that in uplink
transmission user to relay transmission is OMA based where the relays harvest energy
more as compared to downlink transmission where individual relay receives a portion
of the transmit power because of NOMA.
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(a) Downlink throughput in delay-limited trans-
mission mode vs. SNR
(b) Uplink throughput in delay-limited transmis-
sion mode vs. SNR
Figure 3.4: System Throughput-delay-limited transmission mode.
3.5.2 Effect of distance and transmission angle
The graph in Fig. 3.6a illustrates the impact of geographical orientation of relays with
respect to users and source. It is to be noted that average uplink and downlink rate
of a NOMA pair degrades as the angular distance between users and relays increases.
One important observation which this figure reflects is, if two relays are present at the
similar distance then it is important for BS to consider the relay which lies in the line
of sight of BS and relays. Another important insight is that, equal transmission rates
can be achieved in the proposed model, when downlink transmit power is more than
uplink transmit power. The reason behind this is the partial allocation of power to
different NOMA users in downlink which leads to less harvested energy and reduced
transmission rate. However, uplink NOMA assigns equal transmit power to both of the
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(a) Downlink Ergodic Rate vs. SNR.
(b) Uplink Ergodic Rate vs. SNR.
Figure 3.5: Ergodic Rate- Delay-tolerant transmission mode
users while each user experience additional interference caused by other user’s message
in the same assigned resource. To further elaborate systems performance, we plotted
ergodic rate with respect to the ratio of relays’ distance from source in Fig 3.6b. It is
witnessed that when dR2»dR1 , ergodic rate in DL and UL transmission is high and for
instance, it decrease by 28% and 40% respectively when the distance between the relays
is kept equal with PS = 40 dB and PU = 30 dB. The explanatory reason is due to the
basic concept of NOMA transmission [9]. When the two NOMA users are significantly
a part, it becomes easier for the receiver to extract both messages successfully due to
a difference of channel conditions.
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(a) Ergodic Rate versus ∠UiSRj with varying PS
and PU .
(b) Ergodic Rate versus distance of relays.
Figure 3.6: Effect of distance and transmission angle on rate
3.5.3 Uplink and Downlink Transmission
Fig. 3.7a plots the downlink throughput achieved by the system vs. the data rate of
both users in downlink transmission. One can observe that the system throughput is
increased more when the data rate of R2 is increased as compared to the situation when
data rate of R1 is increased owing to the fact that R1 decodes message of R2 first and
then decodes the message intended for U1. If the data rate of R1 is increased, it leads
to outage of xU1 which in turn reduces the system throughput. However, for the higher
data rate of R2, system throughput shows a bit sharp rise because only one message is
decoded at R2’s end. To clearly demonstrate the impact of user data rates on uplink
transmission, Fig. 3.7b illustrates the uplink throughput versus the uplink data rate
required for x′U1 and x
′
U2
. Comparing Fig. 3.7a and Fig. 3.7b, it is apparent that the
CHAPTER 3. TWO-WAY SWIPT-AIDED HYBRID NOMA RELAYING 44
(a) Downlink Ergodic Rate.
(b) Uplink Ergodic Rate.
Figure 3.7: Ergodic Rate with varying SNR and ρ.
surface plot of downlink throughput has different slope than the uplink throughput.
On the uplink, throughput increases sharply with increased data rate of R1 which is
closer to the source. When the NOMA uplink message is sent by WPNRs, the message
sent by R1 is decoded first hence its data rate contributes more towards the increased
throughput. However, when data rate of R2 is increased, the outage at source increases
which leads to reduction in the achieved throughput. Hence, it is important to choose
the data rates appropriately to achieve the desired performance.
3.6 Conclusion
In this chapter, the concept of WPNR is applied on hybrid NOMA system to sus-
tain communication with remotely located devices. A novel idea of using SWIPT in
NOMA-based HD2 relays is proposed which extends the coverage of the source for the
isolated users. Specifically, we derived outage probabilities of the downlink and uplink
transmission between the source and the remote devices. For our proposed scheme,
Monte Carlo runs validated by the analytical model are executed. The system offers
acceptable extension for the out-of-coverage devices with the aid of NOMA relays pow-
ered by the signals received from the source and the users. It can be concluded that
with appropriate choice of uplink and downlink data rates along with careful consider-
ation of WPNRs geographical location, this system model is adequate and satisfactory.
A future extension of this study is to deploy WPNRs on a larger scale network with
optimised system throughput via adequate relay selection method for multiple users.
Another aspect is to employ FD WPNR to reduce the extra time slots used in this
2An extension of this scheme with Time Division Duplex (TDD) full-duplex relays is our future
work, which will reduce the overhead of additional time slots of this scheme.
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system for information transfer which in turn may improve the system throughput at




A Proof of Proposition 1
Proof. The outage of xU1 at U1 is dependant on the successful decoding of xU1 at R1






















Based on the condition, pR1γoxU2 < pR2 , and with the help of (3.3.2) and (3.3.3), we




















































where, (a) is obtained with the help of (3.324, [61]). Substituting (A.2 and (A.4) into
(A.1), we obtain P outxU1 as expressed in Proposition 1 and this completes the proof. 
B Proof of Proposition 3





























































|hU1R1 |2|hR1 |2 < (ξ1|hU2R2 |2|hR2 |2 + ξ2)γox′U1
)
, (B.4)



























(wξ1 tan θ + ξ2)γox′U1
sec4 θ ×Kv
(√
4(wξ1 tan θ + ξ2)γox′U1
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Note that trigonometric substitution has also been used in (B.6), where ∆w = f|hR2 |2(w)dw
According to the features of Eq. above, conventional integration techniques may not































× exp(−ωn − w)dw,
(B.8)
It is difficult to solve the complex integral in (B.8) so we replace integration variable





















Finally, substituting the value of ER1x′U1
from (B.3) and ESx′U1
from (B.9) in (B.1), the proof
of Proposition 3 is complete. 
C Proof of Proposition 5










Let Ã , γR1xU1 and B̃ , γ
U1
xU1
, then the CDF of Ã and B̃ is expressed as





































































For different communication scenarios when ρ is variable and α > 0, the integral
above becomes challenging to solve. In this case, we find approximation using Gauss-







In (C.6), Kv(x) is a modified Bessel function of the second kind and v-th order, with






Λ(v, l, q) · (βx)q−v + Tε, (C.7)
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where truncation error Tε is given in [82] with coefficient as
Λ(v, l, q) =
(−1)q
√
πΓ(2ν)Γ(12 + l − ν)L(l, q)
2ν−qΓ((12 − v)Γ(
1
2 + l + ν)l!
, (C.8)







q! for l, q > 0, (C.9)
and the conventions L(0, 0)=1; L(n, 0)=0 and L(l, 1) = l! for l > 0. Substituting












e−βΥgΛ(v, l, q) · (βΥg)q−v + Tε
)
, (C.10)










Let X̃ = γR2xU2 , Ỹ = γ
U2
xU2
























We can compute RergxU2 =
∞∫
0



















Integral in (C.13) does not admit closed form, so we again apply Gaussian Cheybshev






1− µ2fWfKv(βςf ) (C.14)
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e−βςfΛ(v, l, q) · (βςf )q−v + Tε
)
, (C.15)
Proposition 5 is obtained as (24) by using (C.10) and (C.15). This completes the
proof. 
D Proof of Proposition 6









Using the similar approach of downlink rate, let A′ , γSx′U1
and B′ , γR1x′U1
. For finding















The CDF of B′ is obtained with the help of (B.3) as:

























































ln 2(1 + c′) dc
′,
(D.5)
The complicated integral in (D.5) needs to be solved to obtain closed form expression
of Rergx′U1
, which is not possible with tralatitious integration. We assume t′ = 11 + c′ and
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(℘l′ + 1)(ξ1ωnωm + ξ2)
(1− ℘l′)
. To obtain closed form expression of Rergx′U1
, we

















































Λ(v, l, q) · (2β
√




Summing the values of Rergx′U1
and Rergx′U2
, we obtain Proposition 6. This completes the
proof. 
E DRC 16 Form
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Abstract
Future wireless networks envision to provide seamless connectivity to a multi-
tude of devices including unmanned aerial vehicles (UAVs). This paper investigates
a unique case where we aim to serve ground users and a UAV, with distinct channel
characteristics and access environments in three-dimensional (3D) space, based on
non-orthogonal multiple access (NOMA). Unlike traditional distance-based ranking
or channel-gain-based ranking, we apply NOMA in uplink and downlink transmis-
sions by evaluating instantaneous channel gain and distance-dependant path-loss
together. The communication links of ground and aerial users have different fad-
ing environments and path losses which make it crucial to analyse instantaneous
channel gain before applying NOMA. To this end, we derive new mathematical
expressions of outage probabilities in downlink and uplink transmissions based on
instantaneous distinct signal power (IDSP) for each user, verified by simulations.
Next, we investigate the impact of different system parameters, e.g. data rate, path
loss exponent, channel fading characteristics and UAV height, on outage behaviour.
The results confirm that ground-aerial NOMA can be successfully employed in
future wireless networks to provide cellular connectivity with improved spectral
efficiency to a broader range of devices with individual data rate requirements.
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4.1 Introduction
The storm of wireless devices is on the rise with nearly twenty-billion devices to be de-
ployed by 2020 [84]. Unmanned aerial vehicles (UAVs), commonly referred to as drones,
have become popular in the recent years with a variety of usuage in a range of appli-
cations including live audio/video streaming, package delivery, road traffic monitoring,
network provision in catastrophic scenarios, farm monitoring and other agriculture ap-
plications, etc. Rapid advancements in drone technology are deriving research interests
towards UAVs as aerial base stations (BSs) to deliver on demand and reliable service
to desired users, or as relays [85] to help regular terrestrial networks in extending the
network coverage, or as cellular-connected UAVs for data delivery or surveillance, etc.
In beyond 5G (B5G) cellular networks, fully autonomous or remotely operated UAVs
stand as a potential candidate of acquiring communication link with BS [47,86]. While
the drones are present in the air, they need to be served like a conventional cellular
user and require distinct uplink and downlink data traffic pattern based on their usage
in an application.
B5G networks are likely to adopt more promising multiple access schemes like non-
orthogonal multiple access (NOMA) to provide reliable connectivity with higher spec-
tral efficiency and required quality of service (QoS) to a multitude of devices. NOMA
serves multiple users by sharing the same resource block (called as sub-bands) at a
time by altering power levels or assigning codes to users [9]. When power domain
is utilised to realise multiple access, NOMA is referred as power-domain NOMA [87]
while if codes are used to share the resource among users, NOMA is referred as code-
domain NOMA [88]. Power-domain downlink NOMA utilises power allocation mecha-
nism where low transmission power is used for a user with good channel conditions and
vice versa [89] in a band. In power-domain uplink NOMA, the users with sufficiently
distinct channel conditions utilise their maximum battery power for transmission [54]
in a single-band. Here-after, we refer to the users clubbed in a single band as a NOMA
pair. In [9]- [12], the concept and key attributes of NOMA are discussed. Authors
in [10] debate on signalling overhead, error propagation and multi-user power allo-
cation. A combination of multiple-input-multiple-output (MIMO) and NOMA is ex-
plored in [90], [91]. So far recent literature has investigated the application of NOMA
on ground users specifically where the devices share the similar communication and
multipath fading environment, see [92] and references therein. Some research works
exploited NOMA’s applicability in UAV based communications as well. In [86], a UAV
in the form of aerial BS is deployed to serve ground users under NOMA with a power
allocation scheme to achieve maximum sum-rate of the communication system with re-
duced energy expense for the UAV. Furthermore, the authors presented a methodology
to render expansion of the aerial cell coverage, which is facilitated by NOMA user-rate
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gains. Along the similar lines, to leverage the strength of line-of-sight connections and
effectively support the coverage and throughput of wireless communication, a max-min
rate optimization problem is formulated under total power, total bandwidth, UAV al-
titude, and antenna beam-width constraints for a multi-user communication system, in
which a single-antenna UAV-BS serves ground users by employing NOMA [93]. The
application of MIMO UAV-BS providing NOMA access to ground users is investigated
in [94], where the performance of the network is evaluated by deriving analytical expres-
sions for the outage probability and the ergodic rate of MIMO-NOMA enhanced UAV
networks. Different to previous works, the interference management problem between a
UAV BS serving NOMA users and underlying device-to-device users is studied in [95].
The works [86], [93]- [95] deployed aerial BSs with single or multi-antenna UAVs to
serve ground users by NOMA. Multi-antenna mmWaves drones are deployed to provide
coverage to a group of users with NOMA in [96] for spectrally efficient UAV-BS based
communication. Moreover, the authors in [48, 49] have investigated the placement of
UAVs as relays to improve network coverage and performance. A few of the research
works have focused on connectivity of UAVs as cellular users, e.g. Wang et. al. studied
NOMA based UAV satellite network, where multiple satellites served UAV and a mobile
terminal cooperatively under rain fading with Ku-band [97]. The authors conducted
outage analysis and proposed a power allocation scheme for user fairness.
The application of NOMA on network users requires ordering of users on the basis of
certain characteristics. It has been demonstrated that NOMA improves throughput and
spectral efficiency of a wireless communication system by serving users non-orthogonally
based on their ranking. The ranking or ordering of users plays an important role
in deriving the performance of a NOMA-based system and is done on the basis of
communication link quality. In general, weak to strong users are ranked based on
the ascending values of mean signal power (MSP), instantaneous signal power (ISP) or
instantaneous-signal-to-noise ratio (ISNR) [9,45,46]. In downlink (DL) communication,
distance-based ranking of users has been considered in [9,87], [46,50,53,98] to evaluate
different performance metrics such as coverage probability, ergodic rates, and user
fairness in NOMA-based systems. Similarly in uplink (UL) communication, [58,79,99]
also assumed that users present close to BS are strong while the ones located far away
from BS are weak users and hence BS decodes the signals of weak users after decoding
the message of strong users first. With UAVs, there are several characteristics which
are different from ground users, including:
• Height of UAVs from the ground or BS, which may vary depending upon the
flight and regulatory requirement of the drone zone
• Distance-dependant path loss of UAVs may be different to ground users based on
the communication environment, as explained by field experiments [100]
CHAPTER 4. OUTAGE ANALYSIS OF GROUND-AERIAL NOMA 57
• Channel fading characteristics of UAVs- small-scale fading effects often contribute
more than shadowing in UAVs for example when UAVs are flying higher, actual
shadowing is not present but variation in small-scale fading still happens [101]
The above mentioned features of UAVs make them unique in accessing a cellular net-
work1. When a network has a range of devices including aerial devices like UAVs and
ground devices like cell phones and vehicles, etc., it is not fair to evaluate transmission
link quality using only the distance metric. It is possible that an aerial user which
is far from the BS experiences a strong communication link as compared to a near
user from BS which suffers from severe shadowing in a multipath environment. There-
fore, it is crucial to identify the conditions of the communication link not only based
on path loss or channel gain but also on the instantaneous channel power of the link
to apply NOMA effectively. The focus of our work is to apply NOMA on a pair of
aerial and ground NOMA users which are exclusive in terms of channel fading and
path loss characteristics but require cellular connectivity at the same time. Research
on cellular-connected UAVs is not well established and to the best of authors’ knowl-
edge there is no research work which has considered cellular-connectivity of aerial and
ground users together in three-dimensional (3D) space using NOMA in UL and DL
transmissions. To-date, literature considers NOMA for ground users only and has not
examined the non-orthogonal access of aerial and ground devices as cellular connected
devices. Research studies [50]- [53] have used distance based ranking and [45]- [46] con-
sidered ISNR for terrestrial NOMA wireless networks, however the ranking of an aerial
and ground user in a NOMA pair based on instantaneous channel gain and distance-
dependant path-loss is still unexplored. Motivated to support NOMA for aerial and
ground users, we analytically study a multi-user system that takes into account the in-
stantaneous channel gains of aerial and ground users, i.e., the product of their channel
fading gain and distance-dependant path loss, to assign power levels to the users in a
NOMA pair. The authors in [102] have analysed the accuracy of the ranking method
in NOMA-based system where users are ranked according to their distances from BS
considering ground users in NOMA pair and highlighted that with this method, the
coverage results are closely matched to instantaneous-channel-based ranking only when
i) network is interference or noise limited, ii) unsuccessful SIC is very probable, or iii)
the assumption of ranking on the basis of instantaneous channel gain based ranking
is correct [102] . The authors in [102] have considered distance-based approximation
valid for ground users experiencing Nakagami-m or Rayleigh fading. Different to the
approaches in [45]- [99], we have a UAV and a ground user as candidates for NOMA
transmissions and we discuss the application of variable power levels to each user by
1Cellular networks use down-tilted BS antennas but small UAVs may be served by the side-lobes of
BS antennas [47]
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scrutinising the fading environment of aerial and ground user, 3D distance from BS,
individual path loss exponent of each user (which is different for both users) and target
data rate in downlink transmissions. Further in this context, we analyse UL NOMA
transmission with aerial-ground pairing considering all the parameters enumerated for
DL transmissions. We also show that though the aerial user is located far from the BS,
there is a possibility of attaining better instantaneous channel gain than closely located
ground user based on environmental and spatial characteristics. This possibility shows
that it is not necessary that a far user is always considered as weak user and a near user
is always a strong user. Contrary to the conventional NOMA assumption, we show that
ranking of aerial and ground users is not only distance-dependant. To elucidate the
benefits of our system, conventional orthogonal multiple access (OMA) is considered
as benchmark and simulation results are provided to reveal the accuracy of our outage
analysis.
4.1.1 Contributions
We summarise the contributions of this paper as follows:
• This paper characterises the performance of a NOMA-based system where a
ground user and an aerial user are paired together in a single NOMA band for
improved spectral efficiency. Due to the unique environments of aerial and ground
users, NOMA in DL and UL transmission is applied by ranking users based on the
product of their channel fading gain and distance-dependant path loss together,
referred to as instantaneous distinct signal power (IDSP).
• We show that ranking of the users in a ground-aerial NOMA is not dependant on
distance only but also on several other important factors, for example, path loss
exponent of aerial user, path loss exponent of ground users, height of the aerial
user and fading severity.
• In particular, we derive the outage probabilities of an aerial user and a ground
user in DL and UL transmissions by analysing two cases together, i) when the in-
stantaneous channel gain of ground user is greater than that of aerial user, and ii)
when the instantaneous channel gain of aerial user is greater than that of ground
user. This approach of applying NOMA based on the significant environment
characteristics on an aerial user and a ground user is novel and has not been
considered in the literature before.
• We obtain following insights based on the derived expressions: i) The probability
of instantaneous channel gain of aerial user being greater than that ground users
has a direct relationship with large scale fading of ground users and it increases
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Figure 4.1: System Model.
with the path loss exponent of the ground user. Hence it is important to evaluate
IDSP before applying ground-aerial NOMA; ii) The outage behaviour of aerial
user is impacted by changes in the path-loss exponent of ground user while changes
in fading environment of drone user has a little impact on the outage of ground
user in DL and UL transmissions; iii) The height of aerial user impacts its outage
behaviour in UL and DL transmissions, hence it is crucial to keep the height
of aerial user within limits to achieve desired performance; iv) Ground-aerial
NOMA outperforms OMA transmissions in high SNR region in terms of system
throughput.
The rest of the paper is organised as follows: Section 4.2 describes the system model and
related assumptions. The information theoretics of NOMA-based DL and UL trans-
missions is introduced in Section 4.3. In Section 4.4, detailed analysis is conducted.
Section 4.5 presents the results and comparisons with the benchmark system, while
Section 4.6 concludes the paper along with future directions.
Notation:
E[.] represents the expectation operator while P(X) represents probability of an
event X. fX(x) and FX(x) represent probability density function (PDF) and cumulative
density function (CDF) of a random variable X respectively.
4.2 System Model and Assumptions
We consider a single-tier network with a BS B situated at O′ ≡ (0, 0, 0) with antenna
height hB. In a disc of radiusRG , which is centred at (0, 0, hg), NG devices are uniformly
distributed at height hg in Euclidean space. The devices are distributed according to
homogeneous Poisson point process (HPPP) ΦG with a density of λG . Each device is
situated at location {lg}g=1:NG ≡ ΦG ⊂ R2, where the distance between any arbitrary
device from centre of the disc RG [103] is denoted by ug with PDF given as




, x < RG , (4.1)
We also assume a quasi-stationary cellular-connected UAV d at a random location ld
in a disc of radius RD around O′ centred at height hd as shown in Fig. 4.1, such that
its centre is (0, 0, hd). The UAV is present at any random location within RD and the




, y < RD, (4.2)
B serves one random ground user g and the aerial user d having enough disparity among
them (in terms of communication environment) in one frequency-time resource block
by multiplexing signals with distinct power level based on the ranking explained in the
next section. The communication links between B and all devices exhibit statistically
independent small-scale frequency non-selective quasi-static fading and large scale path-
loss. Owing to limited literature studies on cellular-connected UAVs [100] large-scale
fading which depends on altitude, distance and elevation angle2 between B and d [100],
for communication link B ↔ d, we adopt the working assumption of power-law path-
loss model Ld =
(√
r2d + (hd − hB)2
)−αd
, where αd is the path loss exponent for user
d [49]. Nakagami-m fading, which mimics various environments, is exhibited by B ↔ d











,∀x > 0, (4.3)
where, md and Ωd are Nakagami shape and spread control parameters respectively,
and Γ(md) is the Gamma function. A Rayleigh fading environment is assumed for link








µg , ∀x ≥ 0, (4.4)
where µg is the mean parameter. The path loss for ground devices is also distance-
dependant Lg =
(√
u2g + (hg − hB)2
)−αg
with path loss exponent αg, which is different
from αd [100].
2Elevation angle is the angle between horizontal plane and the line of sight between BS and the
UAV. It has been used in the experimental studies to determine path loss for the communication link
between BS and UAV [100].
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4.3 Transmission Theoretic Model
Here, we explain the proposed model for ground-aerial NOMA transmissions in UL and
DL and the benchmark OMA model used for comparison.
4.3.1 NOMA-based Model
Downlink Transmission
In DL NOMA transmissions, power allocation of users and the transmission rate are
assigned such that the stronger user is able to decode the message of the weaker user.
Consequently, successive interference cancellation (SIC) is employed to decode the mes-
sages of the users [9]. The strong and weak user are identified on the basis of trans-
mission link quality between BS and user. Ranking of users in the current literature
consider ground users only which are present in the same fading environment with same
effect of path loss on distance. However, in case of an aerial user and a ground user,
the path loss and channel fading environment of two users are distinct. We consider
this fundamental difference and analyse the rank of users based on the IDSP which is
determined by |Cg|2Lg for ground user and |Cd|2Ld for aerial user. This means that
when IDSP of drone is greater than IDSP of user, drone is considered as strong user,
and vice versa. To perform DL NOMA transmission, as stated earlier, we assume that
B selects one random ground user g and pairs it with UAV d to serve on the same
channel and time slot. Selecting a ground user randomly creates a fair opportunity for
each user to access B along with user d. This pairing and ranking scheme together for
an aerial and ground user is novel and unique. Based on the details above, there are two
possible scenarios, either i) |Cg|2Lg is greater than |Cd|2Ld, and g is a strong user or
ii)|Cg|2Lg is less than |Cd|2Ld, and d is a strong user, depending on the values of |Cg|2,
|Cd|2, αd, αg, rd, ug, hd and hg. Following NOMA, B transmits with power PB and
assigns a portion of the total power pW and pS to weak and strong user respectively,











dl) + Zi, (4.5)
where xddl and x
g
dl are transmitted messages for d and g respectively with E{|xddl|2} =
E{|xgdl|2} = 1. Zi ∼ CN (0, σ2i ) denotes Additive White Gaussian Noise (AWGN) with
mean 0 and variance σ2i . ωd and ωg are power allocation factors for user d and g
respectively. Order of decoding of xddl and x
g
dl depends on the ωd and ωg at B which
in turn depends on IDSP of d and g respectively. As per NOMA [9], if g is a strong
user, i.e., IDSP of g is greater than d then ωg = pS , ωd = pW , ωg < ωd, and g cancels
xddl after decoding before extracting x
g
dl. On the the other hand, if IDSP of g is less
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than d then ωd = pS , ωg = pW , ωg > ωd, and g decodes xgdl in the presence of xddl. In
practice, perfect SIC is an ideal case, we consider 0 ≤ βSIC ≤ 1 as residual interference
from the weak user to strong user, similar to [45,105]. By taking βSIC = 0, perfect SIC
is assumed while βSIC = 1 corresponds to failed SIC scenario. Therefore, with IDSP
ranking at B, we express received SINR (γidl) of xidl at device i as follows.



















In UL NOMA transmissions, users in a NOMA pair share the same frequency block
by superimposing their distinct messages [54]. B applies SIC by decoding the signal of
user with higher IDSP first by treating the signal with lower IDSP as noise. Therefore





PgLg|Cg|xgul + ZB, (4.10)
where, Pg and xgul, Pd and xdul are the transmit powers and transmitted messages of g
and d respectively, where Pg = Pd is considered throughout the paper. Z ∼ CN (0, σ2B)
denotes AWGN at B.
Based on the IDSP ranking in UL transmissions, we can deduce SINR (γiul) of xiul
at B in UL as follows



















Current literature [57, 79] assesses UL NOMA assuming that the user closer to the
BS has higher instantaneous channel power and hence only one case is considered in
deriving the outage or coverage probabilities of the users. However, in applying uplink
NOMA for a ground-aerial user pair it is crucial to consider IDSP, which may vary
based on environment and positions of ground and aerial users as stated earlier in this
section.
4.3.2 OMA-based Model
We compare our proposed ground-aerial NOMA model with a conventional OMA-
based model where ground and aerial users are served by B in a single frequency-time
resource block with time-division multiple access (TDMA) in UL and DL. Each message
is transmitted with power PB for a time duration T/2 in DL transmission by B, while
Pg and Pd are used as transmit powers of g and d in UL . We also assume similar time
duration T for NOMA transmission for a fair comparison.
4.4 Performance Analysis
We investigate the outage probability of received messages to characterise the link level
performance and measure if this pairing satisfies the data rate requirements in DL and
UL transmissions. Outage probability is defined as the probability of instantaneous
data rate Ra→b of message x sent by a to b being lower than a pre-defined threshold
data rate RxT .





the expectation of fading channel power and distance distribution of d and g.
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sk + (hd − hB)2
)αd








, and J,K are the Cheybshev approximation parameters.
Proof : See Appendix A.
It can be seen from Corollary 1 that the probability of IDSP of user g being greater
than that of user d does not depend only on the distance of users from B, but also on
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the fading environment of aerial user, path loss exponents of aerial and ground users
which are different from each other as communication environments are different and
height of the aerial user from the ground. IDSPg evaluation in our model helps B to
correctly assign power levels to both users in downlink transmission and apply SIC to
extract signals in UL transmission.



















In this section, we evaluate the outage probability of a ground user and an aerial user
which are paired together in a NOMA band based on IDSP ranking.
The outage probability of Aerial User
Based on IDSP of user d, we obtain outage of aerial user in DL transmission as in
Theorem 1 for an arbitrary choice of αd and αg.
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, A,B are the Cheybshev approximation parameter.
Proof: See Appendix B.
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Corollary 2: For the special case where SIC is ideal, i.e., βSIC = 0, the outage
































Proof: Based on (4.17), after some algebraic manipulations with βSIC = 0, Corollary
2 is obtained.
The outage probability of Ground User
The outage probability of a ground user g is approximated as follows.



































































































%g = PBσ−2g .
Proof: See Appendix C.
Corollary 3: For the special case where SIC is ideal, i.e., βSIC = 0, the outage
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Proof: Based on (4.19), after some algebraic manipulations with βSIC = 0, Corollary
3 is obtained.
System Throughput in Downlink Transmission
The DL system throughput in the delay-sensitive transmission mode, based on the
outage probabilities of aerial and ground users in NOMA pair [59] is given by

















O are given in Theorem 1 and 2 respectively.
4.4.2 Uplink Transmission
Here, we evaluate the outage probabilities of aerial and ground users conditioned on
the decoding of the highest IDSP signal first by B.
The outage probability of Ground User
Theorem 3 shows the outage probability of a ground user in NOMA pair in uplink
transmission.
Theorem 3. The outage probability of a ground user g present in a radius RG is





















































































2 , p̆v =
(√















2 , q̆w =
(√
q2w + (hd − hB)2
)αd
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Wε{W1,W2} are Cheybshev-approximation parameters.
Proof: See Appendix D.
Corollary 4: For the special case where SIC is ideal at B, i.e., βSIC = 0, the outage



























































Proof: Substituting βSIC = 0 in simplifying (D.7) and after some algebraic manip-
ulations, we obtain (4.23).
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The outage probability of Aerial User
The outage probability of user d in UL transmission is expressed in Theorem 4.




























































































te + (hd − hB)2, s̃fε{f1,f2} =
√























2 , sf =
RG(ψf + 1)
2 , Eε{E1, E2}, and Fε{F1,F2} are Cheybshev approxi-
mation parameters.
Proof: See Appendix E.
Corollary 5: For the special case where SIC is ideal at B, i.e., βSIC = 0, the outage






















































Proof: On substituting βSIC = 0 in (E.2), and after simplification, we obtain Corollary
5. This completes the proof.
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System Throughput in Uplink Transmission
The uplink system throughput in the delay-sensitive transmission mode, based on the
outage probabilities of aerial and ground users in NOMA pair [59] is given by
















O are given in Theorem 3 and 4, respectively.
4.5 Numerical Studies
In this section, we investigate performance of the proposed NOMA transmissions and
verify the accuracy of the derived outage expressions by comparing with Monte Carlo
simulation runs. We assume normalised unit noise at all nodes, unless otherwise stated.
We verify our results with numerical simulations as follows. We simulate in Matlab NG
ground devices and a UAV on random locations in radius RG and RD respectively,
based on the spatial model presented in Section 4.2 in MATLAB. In each simulation
run, a ground user g is selected randomly and paired with user d to perform NOMA
transmissions as explained in Section 4.3. The channel fading gain between ground
devices and B is modelled by exponential random variable with mean µg (to model
Rayleigh fading), while the channel fading gain between aerial user and B is modelled
by a gamma random variable with shape and scale parameters of md and Ωd respec-
tively (to model Nakagami-m fading). For each realisation in downlink and uplink
transmissions, if data rate at user node is less than threshold data rate, outage is de-
clared. This is repeated for a number of realisations to evaluate outage probability of
each user. These results are then compared with the outage probability results obtained
from theorems 1 to 4 for verification of our analysis. The special cases are compared
with corollaries presented in Section 4.4.
4.5.1 Instantaneous Distinct Signal Power Assumption
First, we study the assumption of this paper in which we stated that IDSP of ground
user and aerial user needs to be evaluated before applying distinct power levels for DL
NOMA transmissions and for applying SIC in UL transmissions. We study the impact
of different system parameters on the assumption of IDSPg in the following.
Impact of Path Loss Exponent
As explained earlier, aerial and ground users have distinct channel conditions and may
experience different path loss and have difference in spatial characteristics. Fig. 4.2
shows the impact of αg on the probability of having IDSP of user g greater than user
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Table 4.1: Simulation Parameters
Parameters Settings
pW , pS 0.75, 0.25
Pd=Pg 20 dB
αg 2 (free space), 3, 4, 5
αd 1.992 , 2.05 [100]
Monte Carlo Runs 100,000
µg ≈ 1
Ωd 1
RG 50m, unless otherwise stated
RD 50m, unless otherwise stated




(J, K, A, B, E1, E2,F1,F2 ) 500
Figure 4.2: Impact of αg on IDSPg with md = 2, RD = RG = 50m,hd = 50m.
d. We have included the graph with different values of αd as well. The solid lines show
the results obtained from (15) which are well matched with Monte Carlo simulations
represented by square boxes. When the value of αg is small, for example, at αg = 2,
the value of IDSPg is 0.9899 showing that it is reasonable to expect that a ground
user will have better channel conditions than aerial user. However, when the path-loss
exponent of ground user increases, for example, at αg=5, IDSPg reduces significantly
to 0.3219 reflecting that a ground user experience poor channel conditions than aerial
user despite of its shorter distance to B than aerial user d. Hence in such conditions
ranking aerial and ground users only on the basis of distance is not ideal and our model
overcomes this shortcoming by including the assumption of IDSPd in outage analysis.
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Figure 4.3: Impact of RG on IDSPg with md = 2,RD = 50m,αd = 2.05, hd = 50m.
Figure 4.4: Impact of RD on IDSPd with md = 2,RG = 50m,αg = 2, hd = 50m.
Impact of Coverage Radius
In Fig. 4.3, we illustrate IDSPg as a function of RG . RD is fixed at 50m. As is seen on
Fig. 4.3, the probability of having instantaneous distinct signal power of ground user
greater than aerial user decreases with an increase in the coverage radius of ground
users. This can be understood as a user located farther away from the BS experiences
higher large scale fading which in turn reduces the received IDSP of ground user and a
decline in IDSPg occurs. It can also be noticed that when aerial and ground users are
present within the same radius of, for example, 50m, the probability of having IDSPg
greater than IDSPd is close to 1 for αg = 2 and it reduces substantially when the
ground user experiences severe shadowing. To illustrate this observation further, we
have plotted IDSPd versus RD in Fig. 4.4. We have taken αd = 1.992 and αd = 2.05
with ground radius fixed at RG = 50m. We see that the larger radius of drone does
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Figure 4.5: Impact of hd on IDSPg with αd = 2.05, αg = 2.
not substantially affect the IDSPd as the total distance of drone from the source is
measured in 3D coordinates by considering its altitude as well.
Impact of Fading and Height
In Fig. 4.5, IDSPg is plotted as a function of height of user d with multiple values of
md. This finding coincides with the previous analysis of Fig. 4.3. Intuitively, as the
height of aerial user increases it goes far away from B resulting in lower IDSPd. We can
see that with better fading conditions, the value of IDSPg is slightly less for the same
height of user d the impact of BS-to-d channel fading is less significant. Intuitively, this
looks reasonable as with improved fading conditions between B and user d, the impact
of Nakagami-m fading channel power is less than that of distance-dependant path-loss.
4.5.2 Downlink Transmissions
After analysing the impact of different system parameters on the assumptions, we now
explain the outage analysis of both users in DL transmission.
Impact of Transmit Power and Power Allocation
We study the impact of transmit power on the outage of user d and a typical user g in
a NOMA pair with variable data rates in Fig. 4.6. The simulation parameters taken
are αd = 2.05, αg = 2, md = 2, hd = 50m, RD = RG = 100m, and βSIC = 0.1.
Fig. 4.6 shows that the outage probabilities of the aerial user and ground user decrease
with increasing transmit SNR confirming that with a fixed power allocation, a ground-
aerial user pair can be served with equal or unequal data rate requirements. The
dashed lines in Fig. 4.6 represent P x
d
dl
O , that are the results obtained from (4.17),
while solid straight lines represent P x
g
dl
O , depicting the results obtained from (4.19).
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Figure 4.6: Outage of user d and user g in DL transmission, βSIC = 0.1.
Monte Carlo simulations are represented with round markers which match closely with
the theoretical results, verifying closed-form expressions obtained in Theorem 1 and
Theorem 2 respectively. We plotted perfect SIC case for both users from (4.18) and
(4.20) with dotted lines, as specified in the legend of Fig. 4.6. It is clear that with
ideal SIC, the outage of users is improved. Furthermore, it can be observed that the
data rates for both users need to be chosen carefully to achieve acceptable level of
coverage. In Fig. 4.7, we illustrate the impact of power allocation coefficient on the
outage probability of drone and aerial user. The associated parameters are chosen as





T = 0.5bps. From Fig.
4.7, on assigning more power, there is an apparent decrease in the downlink outage
of strong user (ground user), which is evaluated on the basis of IDSP. An obvious
increase in the outage of weak user is also observed here. While the data rate of the
aerial user is less than that of the ground user, equal outage is observed at both users
when approximately 35% of the power is dedicated for the ground user. The effect of
increasing the value of md on P
xg
dl
O and on P
xddl
O is also visible in Fig. 4.7. Increasing md
results in significant reduction in the outage of the aerial user due to reduced fading.
It is demonstrated that in ground-aerial NOMA, with the static power allocation of
aerial and ground user, existence of line of sight (increased value of md) in aerial user
results in the variation of signal outage for both users. We also show the superiority of
the proposed scheme against the baseline NOMA transmission in Fig. 4.8. The chosen





T = 0.5bps, βSIC = 0.1.
By considering the environment and channel characteristics of the aerial and ground
users individually, power allocation is done for both which results in reduced outage of
the received signals. However, if these factors are not considered and power assignment
is done conventionally, considering similar environmental conditions for the aerial and
ground user, the outage appears to increase.
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Figure 4.7: Outage of user d and user g in DL transmission vs. Power allocation,
βSIC = 0.1.
Figure 4.8: Comparison of Outage of user d and user g in DL transmission with baseline
scheme.
Impact of Path Loss Exponent
Fig. 4.9 illustrates the impact of path loss exponent αg on the outage of the ground
user. To give a clear explanation, the outage of drone user is also plotted in the figure.
It can be seen that with an increase in the value of αg, the ground user experiences
more outage and this is because of increased distance-dependant loss in ground user.
Quite interestingly, the outage increases more dominantly when ground user experiences
shadowed urban environment as compared to rural. This is because when aerial user
has better channel conditions, the distance dependant path loss of aerial user is less
than the ground user, in such cases the ground user acts as weak user and aerial user
employs SIC which in return increases outage. This impact can be further explained
with the plot of P x
d
dl
O in Fig. 4.9 , where it can be noticed that outage of drone user
also gets impacted with the increased value of αg.
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T = 0.1 bps, and R
xg
dl
T = 0.5 bps.
Figure 4.10: Outage Probability of user d vs. hd, αd = 2.05, αg = 1.992, βSIC = 0.1.
Impact of Fading and Height
We compute the outage probability of user d as a function of user d’s height in Fig.
4.10. The other simulation parameters are αd = 2.05, αg = 1.992, RD = RG = 100m
and βSIC = 0.1. As expected, when the height of user d is increased, the received
SINR deteriorates leading to increased outage of user d. Note that when we simulate
less-severe fading conditions for aerial user with increased value of md, the outage
experienced is lesser due to decrease in variance of SINR. This is applicable to drone
users since they are in the air and experience less fading than ground users deployed
in densely-populated environment usually.
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Figure 4.11: Downlink System Throughput (NOMA vs. OMA), hd = 50m, md = 2,
βSIC = 0.1 R
xddl
T = 0.1 bps, and R
xg
dl
T = 0.5 bps.
Downlink Throughput
We obtain DL system throughput by (4.21) and plot in Fig. 4.11 with respect to
transmit SNR. Fig. 4.11 illustrates that the proposed system achieves superior downlink
throughput with improved spectral efficiency than OMA-based transmissions in high
SNR region. Interestingly, even with different values of αd and αg, NOMA is superior
in performance than OMA-based transmissions for serving a ground-aerial user pair in
high SNR region.
4.5.3 Uplink Transmissions
In this section, we analyse the results obtained in UL transmissions on employing
ground-aerial NOMA.
Impact of Data Rate
We illustrate the UL performance in Fig. 4.12, the outage in UL transmission for the
aerial user d and ground user g is plotted vs. uplink SNR. Both users transmit with same
power while the other simulation parameters are kept as βSIC = 0.1,md = 2, αd = 2.05,






mathematical results in (4.22) and (4.24) match with simulations. The slight difference
is because of the approximation scheme that we have used. First, we observe that there





T . This is because of
the fact that user d is situated far at a certain height from B unlike user g and with the
simulation settings, IDSPg > IDSPd (see Fig. 4.2), which means that B decodes the
xgul first, subtracts it from received signal with 90% accuracy and then decodes xdul. It
is therefore important to maintain adequate threshold data rates to achieve desirable
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Figure 4.12: Outage of user d and user g in UL transmission, βSIC = 0.1.
Figure 4.13: Comparison of Outage of user d and user g in UL transmission with
baseline scheme.
performance. Similar to downlink transmission, we show the superiority of our scheme
in uplink transmission in Fig. 4.13. As can be seen that, there is substantial decrease
in the outage of aerial user with our proposed ranking method. This is because our
scheme takes into account the individual characteristics of the environmental conditions
of aerial users unlike baseline scheme.
Impact of Path Loss Exponent










significantly with an increased value of path-loss exponent in UL transmission. How-
ever, the impact on P x
d
ul
O is almost negligible. Nonetheless, as md increases the outage
performance of user d is reduced notably due to reduced fading effects.
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Figure 4.14: Outage of user d and user g vs. αg, αd = 2.05, βSIC = 0.1, md = 2,
hd = 50m, R
xdul
T = 0.01 bps, and R
xg
ul
T = 0.1 bps.
Figure 4.15: Outage of user d vs. hd, βSIC = 0.1, αd = 2, αd = 1.992, R
xdul




T = 0.1 bps.
Impact of Fading and Height
Fig. 4.15 represents the outage performance of user d in UL transmission for increasing
value of user d’s height with multiple values of md. As can be seen in this figure,
increasing the md has two effects on P
xdul
O : for lower heights of user d, decreasing
channel variability (md ↑) improves outage probability, whereas for higher values of hd,
this trend is reversed. All curves intersect interestingly at one point, in this case at
around 70m.
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T = 0.1 bps.
Uplink Throughput
The uplink system throughput is plotted against transmit SNR of users in Fig. 4.16
for NOMA-based and OMA-based transmissions. As can be seen that ground-aerial-
NOMA-based transmission with IDSP ranking achieves higher throughput than OMA-
based transmission. The results in conjunction with Fig. 4.11 affirms that ground-aerial
NOMA brings superior throughput than conventional OMA.
4.6 Conclusion and Future Work
In this work, we investigated the outage performance of a ground-aerial user pair to
transmit on DL and UL using NOMA. Unlike existing research works, we considered
IDSP of the user pair before setting power levels in downlink transmissions. Similarly
in decoding received signal in UL transmissions, IDSP is employed to determine the
order of successive interference cancellation at BS. The work considered instantaneous-
distinct-signal-power-based ranking of both users instead of distance-based ranking be-
cause of difference in path loss exponents and fading environments of ground users and
the aerial user. We characterised the performance of our proposed model by evaluating
outage behaviour at both user ends and system throughput in DL and UL transmis-
sions. We presented simulation results to validate derived mathematical expressions of
outage probabilities. We also studied the impact of path-loss exponent, spatial location
and fading characteristics of aerial user on the assumption that instantaneous signal
power of ground user is higher than that of aerial user. To provide more insights, we
studied outage behaviour by varying data rates of the users, fading parameter, path loss
exponents and height of aerial user. Subsequently, we showed that NOMA to ground
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and aerial user is prevailing in performance than OMA. An interesting future extension
of this work is to study the user-selection scheme of ground users and mobility effects
of UAV on the transmission. This paper has investigated a single ground-aerial pair of





A Proof of Corollary 1
Proof. With the details provided in Section 4.2, we can write IDSPg as














As mentioned earlier |Cg| experiences Rayleigh fading while |Cd| exhibits Nakagami-m
fading, based on the PDF of powers of channel gain |Cd|2 and |Cg|2 from (4.3) and















where (a) is obtained by exponential and Gamma distribution characteristics of |Cg|2
and |Cd|2 respectively and by applying ( [61], 3.384) after simplification, for md > 0.
The expectation in (a) is further evaluated by using PDF of link distances of ug and
rd from (4.1) and (4.2) respectively. Taking ∆ =
4mdmd
R2DR2GΩdmd

















y2 + (hd − hB)2
)αd)−mddx dy, (A.3)
For many communication scenarios with variable values of md, αd, αg, hg, hd, and hB, it
is challenging to obtain closed-form expression for the above. In this case, we can use





















On applying binomial expansion theorem (x+y)n = ∑nk=0 nCkxn−kyk = ∑nk=0 nCkxkyn−k,
we obtain Corollary 1 as expressed in (4.15). 
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B Proof of Theorem 1























































































T , else Ψ1 = 1. (b) follows from the definition of incomplete
gamma function for real values of md and expectation of rd is based on its link distance
with B in RD from (4.2). For multiple values of αd and md, we approximate Ψ1 using
























Substituting Ψ1 and Ψ2 in (B.1) and with the help of Corollary 1, we obtain The-
orem 1 as given in (4.17). 
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C Proof of Theorem 2

























































































































where (a) is obtained by change of variable and (b) follows with x2 → xαg1 and (c) on
applying ( [61], 3.351.1 )
∫ u
0 x
ne−µxdx = µ−(n+1)(Γ(n + 1) − Γ(n + 1, µu)) with some
algebraic manipulations.














, (h̃g +R2G)α̃g τ̂
)]
, (C.7)
Substituting (C.6), (C.7), (15) and (16) in (C.1), we obtain Theorem 2 as given in
(4.19). 
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D Proof of Theorem 3
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. (a) is obtained using PDF of |Cd|2 and |Cg|2
defined in section II and after applying ( [61], 3.381.1). For further simplification, we
use γ(n, x) = (n− 1)![1− e−x∑n−1k=0 xk/k!] ( [61], 8.352.6) and apply ( [61], 3.382.2) on
(D.3) and after taking Ῠ→
√























To solve the expectation in (D.4), we apply PDF of ug and rd from (4.1) and (4.2)









As mentioned earlier, the communication scenarios are distinct with multiple values of
αd and αg. Hence, conventional integration techniques may not be applicable on (D.5)










































Substituting (D.6), (4.15), (4.16) and (D.7) in (D.1), we get Theorem 3 as expressed in
(4.22). 
E Proof of Theorem 4






























































, where (a) is obtained on applying PDF of gamma random variable
|Cd|2 and PDF of exponential random variable |Cg|2 and on substituting Γ(n, x) =
(n − 1)![e−x∑n−1k=0 xk/k!] ( [61], 8.354.4). (b) is computed using ( [61], 3.382.4) with
some algebraic simplification, while (c) is obtained by applying series representation
of gamma variable mentioned earlier. On applying the PDF of rd and ug, we obtain
(d). Since double integral in (E.6) is difficult to solve with conventional integration
techniques for multiple values of md, so we apply Gaussian Cheybshev Quadrature
technique on (d) to obtain (e) as in (E.7) where, using similar steps from (E.2) to
(E.7), Ψ∗2 is given as in (E.9). Substituting (E.8), (E.9), (4.12) and (4.13) in (E.1), we
obtain Theorem 4. This completes the proof. 
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Figure F.1: DRC 16 -Chapter 4.
Chapter5
Conclusion and Future Directions
5.1 Conclusion
This thesis has studied the communication scenarios with emerging non-orthogonal
multiple access mechanism for effective relaying in future wireless networks. The use of
radio frequency based energy harvesting in uplink and downlink communication has also
been explored. We had provided baseline scheme to establish uplink communication
with base station by harvesting energy from downlink radio signals. Extending this
concept further, we had investigated the relaying techniques to extend the coverage of
a base station to cell-edge users. Foreseeing the variety of cellular connected devices
in future wireless networks, the access mechanism for ground and aerial devices has
also been studied as a part of this research. We had shown that the potential of non-
orthogonal multiple access to connect ground and aerial devices in a cellular network is
still largely unexplored. Consequently, for a pair of an aerial and a ground device, we
proposed a novel idea of ground-aerial NOMA where devices are ranked on the basis of
instantaneous distinct signal power. The key contributions of this thesis are as follows.
Our study had revealed that maintaining distinct power levels between the received
signals at the source in uplink communication with non-orthogonal multiple access
is still a research issue. Processing overhead to provide distinguished power levels is
still present in existing uplink schemes. We had proposed a scheme to harvest energy
utilising power-splitting SWIPT protocol while receiving downlink signals. The uplink
communication with information source is then established with the power obtained
from radio frequency energy harvesting. We had derived ergodic rates in downlink and
uplink communication for the participating users to evaluate the performance of our
proposed model. The results illustrate that this scheme successfully provided distinction
in the received uplink signals at the source and the users communicated solely on
the basis of harvested energy. Furthermore, the portion of the downlink power used
90
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in harvesting energy impacts the data rate achieved in UL communication. Power-
splitting parameter shows positive correlation on the uplink rate performance whereas
the choice of time-splitting parameter either improves uplink data rate or downlink data
rate. This system is applicable in future low data rate applications, where users will be
able to transmit high priority UL messages to the source at the cost of compromised
DL data rate.
Proceeding from the first scheme, a model of intermediate wireless powered NOMA
relays (WPNR) had been established to provide connectivity to cell-edge users by
harvesting energy from the radio frequencies. These WPNRs aid data ferrying in
uplink and downlink transmission. Unlike existing research works, where cooperative
communication with NOMA provides coverage to single users only, this model had
provided coverage extension for multiple users. Along with the coverage extension,
these relays also eliminate doubly-near far problem in a wireless network. Our study
had also emphasised that the geographical location of WPNRs and an appropriate
choice of uplink and downlink data rate of users also require careful consideration for
adequate and satisfactory network performance. This scheme is highly useful in time-
critical scenarios for example, if an emergency signal needs to be transmitted to remote
devices and a single relay is unable to communicate to both of them, then the use of a
WPNR pair can serve the purpose effectively
For providing connectivity for a multitude of devices in future networks, we had
further investigated the case of providing coverage to a ground and an aerial user. Un-
like the existing NOMA schemes, where only ground users are considered for cellular
connectivity, this scheme allows the multiple access of ground users and aerial users to-
gether. So far recent literature focused on the communication scenario of ground users
only which share similar channel and environmental conditions. Notwithstanding, this
novel scheme gives attention to the large and small scale fading, and geographical loca-
tion of the devices to evaluate instantaneous distinct signal power (IDSP) first. Based
on the IDSP, the power allocation factors are considered for the devices. Contrary to
the existing schemes, our approach derives outage probability for ground and aerial
users both in uplink and downlink transmission. Our results illustrate that an increase
in large scale fading of ground users yield positive impact on the probability of instan-
taneous channel gain of the aerial user being greater than that of ground users. We
argue that evaluating IDSP of the users is an important metric before providing access
to two different kinds of users non-orthogonally. The results also unveil that path-loss
exponent of ground users affects the outage probability of aerial users, while the outage
of ground user is less influenced with the changes in the path-loss exponent of aerial
users. Furthermore, the altitude of aerial user impacts the signal reception in downlink
and uplink significantly. In the end, we had also compared the system throughput of
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ground-aerial NOMA with OMA based transmission and illustrate that the proposed
scheme provides superior throughput than conventional OMA based transmission.
5.2 Future Research Directions
This research opens up several directions for future work. We summarise a few of them
below.
5.2.1 Extension of WPNRs on a large scale network
Although we had provided a baseline concept of utilising both of the users in a NOMA
pair for relaying data to cell-edge users, the scalability of current scheme is still needs
to be explored for a large scale network. We have assumed static location of the nodes
and the cell edge users. A future extension is to analyse the concept on a larger scale
for example, by considering WPNRs in a homogeneous poisson based network where
the nodes are evenly distributed. Considering the distance distribution of WPNRs and
the cell edge users, selection of efficient WPNRs in terms of data rate is an interesting
direction. For such scenario, our proposed model can be utilised in finding key per-
formance indicators such as outage probability and ergodic rate for a general cell-edge
user. We have not investigated the amount of power harvested from radio frequency
signals experimentally and have considered the energy efficiency factor stated in the
recent literature studies. Another research domain is to employ full duplex relays to
reduce the overhead of additional time slots of this scheme. A compelling research area
is to explore incentive mechanisms for theses relays other than providing energy for
data transfer.
5.2.2 Ground Aerial NOMA Aided Relays
The extensive use of aerial devices, such as UAVs motivated us to explore the oppor-
tunity to provide cellular connectivity to aerial devices along with ground devices with
the proposal of ground-aerial NOMA. An interesting future direction to aid relaying in
future wireless networks is use of aerial nodes as relays in a wireless network. We had
proposed an initial idea towards this direction in [85]. We studied a network where
we consider a ground users closer to the source and an aerial user farther from the
source. Based on their different locations, we access ground user and aerial UAV non-
orthogonally. In this work we used the UAV as decode-and-forward relay to extend the
coverage of source to a farther located user. Working towards this direction, we further
extended this work by applying ground-aerial NOMA. Instead of assuming UAV as a
fixed relay, we proposed to select the relay node dynamically. More specifically, a device
which establishes strong communication link with transmit source is selected as a relay.
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The relay communication is further fuelled by harvesting energy from the radio signals
of transmit source using power-splitting energy harvesting protocol. We argue that
the channel fading characteristics and path-loss environment of a ground and an aerial
user are different in nature, contributing towards the relay selection. This dynamic
relaying scheme which is an extension of our contributed work [106], achieves improved
signal reception at the end user. A substantial future work is to analyse the proposed
model mathematically and compare the performance with our numerically proposed
model. It is required to evaluate the analytical expressions for the outage probabilities
and ergodic rates of cell edge user which is served with dynamically selected aerial or
ground relay.
With advancements in drone technology, considering the impact of mobility of aerial
user on the performance of ground-aerial NOMA needs to be explored. In a large scale
network, the selection of a mobile aerial user to pair with a static ground user is a novel
research direction which has not been rigorously investigated.
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